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Abstract 
The landscape of additive manufacturing has changed dramatically over the last years 
especially with 3D printing technologies. Nowadays, 3D printing technologies are 
increasingly used either for manufacturing or for personal use. Selective Laser Sintering or 
Selective Laser Melting (SLS/SLM) is a prominent example of high accuracy Additive 
Manufacturing variants. The material is in the form of fine powder which is deposited as a 
thin layer on a surface, then it is compacted appropriately; finally, a high power laser scans 
the surface, sintering/melting the powder locally; non-processed areas remain to support the 
subsequent layers and in this way a complex three-dimensional shape can be produced layer 
by layer according to the CAD model. The current work aimed to design and manufacture an 
efficient mechanism for powder management for an SLS/SLM machine that is being 
developed at NTUA’s Manufacturing Technology Lab. This part of the machine is critical 
because it critically influences the accuracy of the part to be produced as well as the speed of 
production. The system is composed of different sub-systems, the mechanism that is 
depositing powder to the working table, the mechanism that levels up the powder and the 
structure that seals the working area from powder leaking. The design phase had two stages, 
namely conceptualization of the various mechanisms and their detailed design. During the 
conceptualization stage numerous alternative designs were produced. Using the Analytic 
Hierarchy Process (AHP) the alternatives were evaluated based on user defined criteria and 
the most suitable alternative was selected. The latter was detail-designed using a commercial 
CAD software package to a point that made it ready for manufacturing. Finalization of the 
design included selection of the electronics for driving motors and managing sensors. The 
next step in the development process was the manufacturing of the components on CNC 
machines, based on G-code generated using a commercial CAM software package. 
Thereafter, assembly took place. The machine was tested in two phases. The first test was 
without powder and aimed to check proper operation of the electronics as well as their 
integration with the existing electronics of the other systems of the machine. The second 
phase was a full scale testing of the developed mechanism with polymer powder during the 
layer building procedure. In this stage, the weaknesses of the machine were noted and 
categorized into compulsory actions before the mechanical calibration and those that are mere 
improvements. A calibration plan for the machine utilizing the Taguchi methodology is also 
proposed. 
  
Page 2 of 95 
Table of Contents 
1 Introduction ........................................................................................................... 8 
1.1 Aim of the study ............................................................................................ 8 
1.2 State of the Art............................................................................................... 9 
1.2.1 “Mechanical” powder deposition............................................................. 9 
1.2.2 Electrostatic methods ............................................................................. 12 
1.2.3 Vibratory methods ................................................................................. 15 
1.2.4 Other methods ........................................................................................ 16 
1.2.5 Powder properties .................................................................................. 18 
2 Methodology of the study .................................................................................... 21 
2.1 Analytic Hierarchy Process (AHP) & Evaluation Criteria .......................... 22 
2.1.1 Analytic Hierarchy Process (AHP) methodology .................................. 22 
2.1.2 Criteria for the AHP ............................................................................... 25 
2.2 Statistical design of experiments ................................................................. 26 
3 Preliminary Powder deposition mechanisms Investigation & evaluation ........... 30 
3.1 Loose powder dispensing mechanism investigation and evaluation ........... 31 
3.1.1 Non-Hybrid powder deposition mechanisms concept designs .............. 32 
3.1.2 Hybrid powder deposition mechanisms concept designs ...................... 40 
3.1.3 Final evaluation of the best derived concept designs............................. 48 
3.2 New and used powder mixing mechanism .................................................. 52 
3.3 Powder recycling mechanism ...................................................................... 53 
4 Design and manufacturing of powder management mechanism ......................... 54 
4.1 Design of the powder doser ......................................................................... 55 
4.2 Design of the two roller dosers and doctor blades ....................................... 61 
4.3 Powder deposition process .......................................................................... 64 
4.4 Working area side sealant ............................................................................ 65 
4.5 Actual parts & Manufacturing process ........................................................ 68 
4.6 Electronics of the powder management system........................................... 80 
5 Assembly and testing ........................................................................................... 82 
5.1 Manufacturing and assembly considerations ............................................... 82 
5.2 Initial testing ................................................................................................ 82 
5.3 Calibration Plan of the machine .................................................................. 84 
6 Conclusions ......................................................................................................... 86 
6.1 Design .......................................................................................................... 86 
6.2 Implementation ............................................................................................ 86 
6.3 Future work ................................................................................................. 87 
References .................................................................................................................. 88 
Page 3 of 95 
Appendix – Arduino code .......................................................................................... 91 
 
  
Page 4 of 95 
Table of figures 
Figure 1: Fundamental set-up of the SLS process [12] ................................................ 8 
Figure 2: Methods for powder deposition, based on (a) scraper blade, (b) counter 
rolling cylinder and (c) slot feeder [12] ..................................................................................... 9 
Figure 3: Complete deposition mechanism with deposition cycle [12] ....................... 9 
Figure 4: Powder deposition mechanism [14] ............................................................ 10 
Figure 5: Powder deposition with combination of doctor blade and forward rotating 
roller [15] ................................................................................................................................. 11 
Figure 6: Powder deposition using a feed bin [16] ..................................................... 11 
Figure 7: Simplified scheme of the SLS device [17] ................................................. 12 
Figure 8: 3D printing process [18] ............................................................................. 12 
Figure 9: Phases of electrostatic powder coating [19] ................................................ 13 
Figure 10: Conventional Corona gun ......................................................................... 13 
Figure 11: Electrophotographic powder deposition system [21] ................................ 14 
Figure 12: Powder flow mechanism subjected to either horizontal or lateral vibration 
displacement ............................................................................................................................ 15 
Figure 13: Ultrasonic activation of powder flow........................................................ 16 
Figure 14: Flow route of powder and shield gas [34]................................................. 17 
Figure 15: Schematic of Tower Nozzle ...................................................................... 18 
Figure 16: Prototype of the tower nozzle ................................................................... 18 
Figure 17: Force equilibrium on an element of bulk solid and the Mohr stress circle 19 
Figure 18: Uniaxial compression test ......................................................................... 20 
Figure 19: Flow function and lines of constant flowability ........................................ 20 
Figure 20: Methodology flow chart ............................................................................ 21 
Figure 21: 2 phase decision making ........................................................................... 25 
Figure 22: Statistical Design of Experiments flow chart [49] .................................... 26 
Figure 23: CAD model of the SLS machine .............................................................. 30 
Figure 24: Basic representation of sub-systems ......................................................... 31 
Figure 25: Best alternative (HPD23) .......................................................................... 50 
Figure 26: Final priority vs. alternative designs ......................................................... 51 
Figure 27: Powder deposition mechanism ................................................................. 54 
Figure 28: Isometric view for the assembled powder container ................................. 55 
Figure 29: Side view of the powder container ............................................................ 56 
Figure 30: Second Side view of the powder container ............................................... 57 
Figure 31: Bended side of the powder container ........................................................ 58 
Figure 32: Straight side of the powder container ....................................................... 58 
Figure 33: Doser drum bearing holder ....................................................................... 59 
Figure 34: Doser drum side sealant ............................................................................ 59 
Figure 35: Doser drum ............................................................................................... 59 
Figure 36: Doser drum shafts ..................................................................................... 60 
Figure 37: 2 pulse per revolution encoder .................................................................. 60 
Figure 38: Isometric view of the powder box sealant ................................................ 61 
Figure 39: Front and side views of the powder box sealant ....................................... 61 
Figure 40: Dosers and doctor blades on top of the roller ........................................... 62 
Figure 41: Roller doser ............................................................................................... 62 
Figure 42: Side view roller doser assembly ............................................................... 62 
Figure 43: Front view of the base of the mechanism ................................................. 63 
Figure 44: Isometric view of the base of the mechanism ........................................... 63 
Figure 45: Moving base of the roller doser ................................................................ 63 
Figure 46: 8 pulses per revolution encoder cam ......................................................... 64 
Page 5 of 95 
Figure 47: Powder layering process flowchart ........................................................... 64 
Figure 48: Working area sealant................................................................................. 65 
Figure 49: Working area sealant locking component ................................................. 65 
Figure 50: Machine table plate ................................................................................... 66 
Figure 51: Working area sealant side 1 ...................................................................... 66 
Figure 52: Working area sealant side 2 ...................................................................... 67 
Figure 53: Brush ......................................................................................................... 67 
Figure 54: Assembled working area sealant ............................................................... 68 
Figure 55: Powder container ...................................................................................... 69 
Figure 56: Doser drum shaft encoder side .................................................................. 69 
Figure 57: Doser drum shaft pulley side .................................................................... 69 
Figure 58: Doser drum side sealant ............................................................................ 70 
Figure 59: Ball bearing base for doser drum shaft ..................................................... 70 
Figure 60: Doser drum encoder .................................................................................. 70 
Figure 61: Doser drum sealant (bottom view) ............................................................ 71 
Figure 62: Doser drum sealant (top view) .................................................................. 71 
Figure 63: Doser drum ............................................................................................... 71 
Figure 64: Powder doser assembled attached to the machine .................................... 72 
Figure 65: Front view of the powder doser ................................................................ 72 
Figure 66: Roller doser base side 1 (encoder side) ..................................................... 73 
Figure 67: Rotary encoder Roller doser ..................................................................... 73 
Figure 68: Roller doser base side 2 (step motor side) ................................................ 74 
Figure 69: Step motor shaft extender ......................................................................... 74 
Figure 70: Roller doser with side shafts ..................................................................... 75 
Figure 71: Roller doser assembly without the encoder .............................................. 75 
Figure 72: Roller doser step motor side base with step motors .................................. 76 
Figure 73: Linear encoder .......................................................................................... 77 
Figure 74: Working area powder container top view ................................................. 78 
Figure 75: Working area powder container side view with locking parts .................. 78 
Figure 76: Working area powder container side view ................................................ 79 
Figure 77: Working plate side brush .......................................................................... 79 
Figure 78: Schematic diagram - Step motor control................................................... 80 
Figure 79: Actual circuit ............................................................................................. 81 
Figure 80: Limit switch circuit ................................................................................... 81 
Figure 81: Powder dropping to the roller doser .......................................................... 82 
Figure 82: Final parts assembled with powder ........................................................... 83 
  
Page 6 of 95 
Table of Tables 
Table 1: Classification of granular materials according to particle size [43] ............. 19 
Table 2: Judgment matrices ........................................................................................ 22 
Table 3: Scale of Relative Importance [48] ................................................................ 23 
Table 4: Judgment matrices with calculated priority vectors ..................................... 24 
Table 5: Random consistency index values [46] ........................................................ 24 
Table 6: Decision Matrix ............................................................................................ 24 
Table 7: 1st set of criteria ............................................................................................ 25 
Table 8: 2nd set of criteria ........................................................................................... 26 
Table 9:ANOM table .................................................................................................. 27 
Table 10: ANOVA table ............................................................................................. 27 
Table 11: Vibratory concept designs .......................................................................... 33 
Table 12: Criteria judgment matrix (first set) ............................................................. 33 
Table 13: Judgment matrix Cr11 Procedure cycle time ............................................... 34 
Table 14: Judgment matrix Cr12 weight on the roller ................................................. 34 
Table 15: Judgment matrix Cr13 Cost ......................................................................... 34 
Table 16: Judgment matrix Cr14 Manufacturability.................................................... 34 
Table 17: Judgment matrix Cr15 Complexity ............................................................. 34 
Table 18: Judgment matrix Cr16 standalonability ....................................................... 34 
Table 19: Decision matrix NHPD1 ............................................................................ 34 
Table 20: Flat belt mechanisms .................................................................................. 35 
Table 21: Judgment matrix Cr11 Procedure cycle time NHPD2 ................................. 36 
Table 22: Judgment matrix Cr12 weight on the roller NHPD2 ................................... 36 
Table 23: Judgment matrix Cr13 Cost NHPD2 ........................................................... 36 
Table 24: Judgment matrix Cr14 Manufacturability NHPD2 ...................................... 36 
Table 25: Judgment matrix Cr15 Complexity NHPD2 ................................................ 36 
Table 26: Judgment matrix Cr16 standalonability NHPD2 ......................................... 36 
Table 27: Decision matrix NHPD2 ............................................................................ 36 
Table 28: Custom dosing mechanism......................................................................... 37 
Table 29: Judgment matrix Cr11 Procedure cycle time NHPD3 ................................. 37 
Table 30: Judgment matrix Cr12 weight on the roller NHPD3 ................................... 38 
Table 31: Judgment matrix Cr13 Cost NHPD3 ........................................................... 38 
Table 32: Judgment matrix Cr14 Manufacturability NHPD3 ...................................... 38 
Table 33: Judgment matrix Cr15 Complexity NHPD3 ................................................ 38 
Table 34: Judgment matrix Cr16 standalonability NHPD3 ......................................... 38 
Table 35: Decision matrix NHPD3 ............................................................................ 38 
Table 36: Powder deposition using a feed bin ............................................................ 39 
Table 37: Judgment matrix Cr11 Procedure cycle time NHPD4 ................................. 39 
Table 38: Judgment matrix Cr12 weight on the roller NHPD4 ................................... 39 
Table 39: Judgment matrix Cr13 Cost NHPD4 ........................................................... 39 
Table 40: Judgment matrix Cr14 Manufacturability NHPD4 ...................................... 40 
Table 41: Judgment matrix Cr15 Complexity NHPD4 ................................................ 40 
Table 42: Judgment matrix Cr16 standalonability NHPD4 ......................................... 40 
Table 43: Decision matrix NHPD4 ............................................................................ 40 
Table 44: Concept design for powder deposition using a slot feeder ......................... 41 
Table 45: Judgment matrix Cr11 Procedure cycle time HPD1 .................................... 41 
Table 46: Judgment matrix Cr12 weight on the roller HPD1 ...................................... 42 
Table 47: Judgment matrix Cr13 Cost HPD1 .............................................................. 42 
Table 48: Judgment matrix Cr14 Manufacturability HPD1 ......................................... 42 
Table 49: Judgment matrix Cr15 Complexity HPD1................................................... 42 
Page 7 of 95 
Table 50: Judgment matrix Cr16 standalonability HPD1 ............................................ 42 
Table 51: Decision matrix HPD1 ............................................................................... 42 
Table 52: Custom dosing mechanism with doctor blade ............................................ 43 
Table 53: Judgment matrix Cr11 Procedure cycle time HPD2 .................................... 43 
Table 54: Judgment matrix Cr12 weight on the roller HPD2 ...................................... 43 
Table 55: Judgment matrix Cr13 Cost HPD2 .............................................................. 44 
Table 56: Judgment matrix Cr14 Manufacturability HPD2 ......................................... 44 
Table 57: Judgment matrix Cr15 Complexity HPD2................................................... 44 
Table 58: Judgment matrix Cr16 standalonability HPD2 ............................................ 44 
Table 59: Decision matrix HPD2 ............................................................................... 44 
Table 60: Flat belt mechanism ................................................................................... 45 
Table 61: Judgment matrix Cr11 Procedure cycle time NHPD2 ................................. 45 
Table 62: Judgment matrix Cr12 weight on the roller NHPD2 ................................... 45 
Table 63: Judgment matrix Cr13 Cost NHPD2 ........................................................... 45 
Table 64: Judgment matrix Cr14 Manufacturability NHPD2 ...................................... 46 
Table 65: Judgment matrix Cr15 Complexity NHPD2 ................................................ 46 
Table 66: Judgment matrix Cr16 standalonability NHPD2 ......................................... 46 
Table 67: Decision matrix NHPD2 ............................................................................ 46 
Table 68: Hybrid method using feed bin and doctor blade ........................................ 47 
Table 69: Judgment matrix Cr11 Procedure cycle time NHPD4 ................................. 47 
Table 70: Judgment matrix Cr12 weight on the roller NHPD4 ................................... 47 
Table 71: Judgment matrix Cr13 Cost NHPD4 ........................................................... 47 
Table 72: Judgment matrix Cr14 Manufacturability NHPD4 ...................................... 47 
Table 73: Judgment matrix Cr15 Complexity NHPD4 ................................................ 47 
Table 74: Judgment matrix Cr16 standalonability NHPD4 ......................................... 47 
Table 75: Decision matrix NHPD4 ............................................................................ 48 
Table 76: Criteria judgment matrix (second set) ........................................................ 48 
Table 77: Judgment matrix Cr21 Surface quality (final decision) ............................... 48 
Table 78: Judgment matrix Cr22 Experimental interest (final decision) ..................... 48 
Table 79: Judgment matrix Cr23 Cost (final decision) ................................................ 49 
Table 80: Judgment matrix Cr24 Manufacturability (final decision) .......................... 49 
Table 81: Judgment matrix Cr25 Complexity (final decision) .................................... 49 
Table 82: Judgment matrix Cr26 adaptability (final decision) .................................... 49 
Table 83: Judgment matrix Cr27 geometry constrains (final decision) ....................... 50 
Table 84: Judgment matrix Cr28 standalonability (final decision) .............................. 50 
Table 85: Final Decision matrix ................................................................................. 50 
Table 86: Powder mixing mechanisms concept designs ............................................ 52 
Table 87: L16’ orthogonal array................................................................................. 84 
  
Page 8 of 95 
1 Introduction  
These days Selective Laser Sintering (SLS) is one of the leading additive 
manufacturing techniques and a recent study showed that this trend will continue in the future 
[1]. The basic concepts of Rapid Manufacturing were stressed by Chua [2]. The process 
implemented must be able to produce parts at high productivity, low cost, fast delivery, good 
quality and acceptable repeatability. The SLS process is able to face all these requirements 
having advantages over other additive manufacturing techniques, such as Stereolithography 
(SLA) introduced in 1987 [3]. One of the advantages of SLS method is that it is able to 
produce complex shapes, not only on metals but also on polymers as shown by [4][5]. 
Material accretion manufacturing technologies can be distinguished from material removal 
and material forming techniques [6] in the way in which they make products i.e. by creating 
solid (bound) material where necessary without the use of special tools. Like most material 
accretion manufacturing techniques, SLS produces parts layer- by- layer. This allows direct 
coupling with the CAD- model of the product. Figure 1 depicts the fundamental set up of an 
SLS machine.  
 
Figure 1: Fundamental set-up of the SLS process [12] 
The general principles of the SLS process are as follows. The material is in the form 
of fine powder which is deposited on a surface, then is compacted with a certain method and 
then a high power laser scans the surface, melting the powder locally; non-processed areas 
remain to support the subsequent layers and in this way a complex three-dimensional shape 
can be produced according to the CAD model [7]. This process is repeated until the entire 
model has been built.  
1.1 Aim of the study 
The current study investigates the various methods for powder deposition, layering 
and the properties that are critical for the improvement of the surface quality and the density 
of the final part. The purpose of this work is the development of an efficient and practical way 
for powder deposition. In SLS deposition of the powder is an important sub-process. Quality 
of the powder layer is a very important issue for process precision and stability [8] and it also 
influences the quality of the final product. The main quality requirements for the layer are to 
be of constant thickness and homogeneous. However no universal deposition solution exists 
until now, that is suitable for any kind of powder [9]. It is well known that humidity has an 
influence on the flow rate of powders partly due to the formation of liquid bridges [10]. The 
region of relative humidity where flow rate of metal and ceramic powders is only marginally 
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influenced is 30–80% [11]. At this point it has to be mentioned that technical literature lacks 
detailed studies of how the powder deposition is performed, most of the studies mentioning it 
in a very abstract way. 
Furthermore, this work will tackle the problem of sealing the working area, which is 
as crucial as the powder deposition process. This is due to the fact that if the working area is 
not uniform sealed, each time the working table moves down allowing space for a new layer 
the already deposited layers are deformed and that can potentially alter the specification of the 
component built.  
Finally, an experimental calibration methodology will be analyzed. This method will 
utilize robust techniques such as Statistical Design of Experiments. In that point have to be 
mentioned that in the current study only the theory and the design of experiments will take 
place. This is due to the fact that the machine requires a mechanical calibration before it is 
ready for process parameters (feed rate, laser power, type of compaction etc.) calibration. 
1.2 State of the Art 
This chapter will examine the various powder deposition methods that are used. 
Based on the findings of the literature review the design of the powder deposition mechanism 
will be performed. The powder deposition methods have been categorized based on the basic 
physics property that they utilize such as mechanical, electrostatic, vibratory etc. 
1.2.1 “Mechanical” powder deposition 
The most common and most widely used method for powder deposition in SLS 
machines is “Mechanical deposition” in which the powder is spread using a mechanical 
method such as a scraper blade, a counter rolling cylinder and a slot feeder. Those methods 
can be seen schematically in the following figure (Figure 2). Also the powder deposition 
mainly depends on the powder properties [12]. 
 
Figure 2: Methods for powder deposition, based on (a) scraper blade, (b) counter rolling 
cylinder and (c) slot feeder [12] 
 
Figure 3: Complete deposition mechanism with deposition cycle [12] 
 Powder deposition using a slot feeder and a roller 
The powder deposition procedure that has been used by B. Van der Schueren and J.P. 
Kruth [12] uses a combination of a slot feeder and a counter rolling cylinder. The powder 
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deposition starts with the piston of the powder recipient which lowers over a depth which is 
slightly more than the required layer thickness. Next, the slot-feed mechanism adds a loose 
layer of powder (Fe-Cu powder mixture) over the recipient surface, un-compacted powder. In 
the third stage, the piston rises again over a fraction of the layer thickness, after which the 
cylinder rolls over the powder and performs the compaction [12] (Figure 3). The resulting 
compaction should be comparable to tapping [13]. 
In another study [14] the slot feeder has been used for powder layering in which the 
powder material is fed into the machine intermittently via two storage tanks which are located 
at the side of the machine – one containing new powder, whilst the other recycled powder. 
The powder is mixed precisely according to the ratio set by the operator. The combined 
powder is then transported to the machine through a pipe in which a flexible helical coil is 
powered by the electric motor attached at one end of the shaft. The powder is then 
temporarily stored in the dispenser units, situated at either side of the build platform, before 
being released into the recoater. The recoater consists of two parallel blades, forming an open 
top and bottom rectangular housing, into which the powder is fed from the dispensers 
according to the regulated dosage. During the process, once sintering has been completed for 
each layer, the build platform lowers at a set distance and the recoater moves across laying 
fresh powder. After the fresh powder is preheated for 30 s, sintering again takes place and the 
cycle continues until the whole build has completed. The build platform is integrated with an 
exchangeable frame that is also fitted with heaters on all sides to insulate the powder [14]. 
 
Figure 4: Powder deposition mechanism [14] 
 Powder deposition using a Doctor blade and a roller 
Budding et.al. [15] also examined the possibility of using a combination of a doctor 
blade and a forward rotating roller. The result was promising regarding density, but 
compaction with a forward rotating roller has some negative effects, notably some powder 
may stick to the roller leaving craters in the newly formed layer. Furthermore, the level of 
compression is determined by the amount of loose powder in front of the roller. The best 
surface quality for the particular powder examined was achieved using a counter rotating 
roller with diameter 22mm. 
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Figure 5: Powder deposition with combination of doctor blade and forward rotating roller 
[15] 
 Powder deposition using feed bin 
In this method the powder is in a bin which is located right next to the building 
platform. The procedure for powder deposition starts with the raise of the feed bin by the 
thickness of a layer, then a blade or a roller spreads the powder on the building surface. 
Spreading and compaction of the powder are performed simultaneously [16][17][18]. The 
following schematic describes the aforementioned procedure (Figure 6).  
 
Figure 6: Powder deposition using a feed bin [16] 
D. Drummer et.al [16] have used the previous experimental set up (Figure 6) and 
obtained a few interesting results. Part density increases in executed experiments with higher 
coating speed and decreases with higher feeding distance. Authors assume that varying 
coating speed causes different compression forces on the powder bed. Furthermore, faster 
heating of thin powder layers can result in increased part density. 
The study of P. Peyre et al [17] describes their experimental set up composed from 
the following components: two plateaus (a manufacturing plateau, and a powder feeding 
plateau) and a stainless steel knife as layering device, allowing to spread layer thickness 
between 30−80μm with a ±5μm accuracy. Furthermore, the set up utilized a heating system 
composed of six high power infra-red (IR) radiant lights operating in the 0.7–2μm wavelength 
range, and located on top of the building plateau in order to heat up the PA12 powder to 373K 
and PEEK powder in the range 373–473K for about 10 seconds. Figure 7 depicts the 
experimental set up described. 
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Figure 7: Simplified scheme of the SLS device [17] 
 
Figure 8: 3D printing process [18] 
The same powder deposition method is used in a 3D printing process. The feed bin is 
filled with plaster powder before printing. At the start of the process, a roller mounted 
together with the print head on the gantry spreads the powder to form a base layer about one 
eighth of an inch thick (3.18 mm) The print nozzle then applies the binder solution at 
predetermined locations, based on the digital geometric information, strip by strip until one 
layer is constructed. The feed bin is then raised by the thickness of one layer, while the build 
bin lowers by the same distance to allow the next layer to be constructed. Once the powder 
bed is prepared again and the nozzle is cleaned, construction of the next layer begins. The 
above steps are repeated until all layers are printed one atop another to complete the whole 
object. Figure 8 shows a schematic view of the printing process [18]. 
1.2.2 Electrostatic methods 
The electrostatic powder coating process consists of three stages which can be shown 
schematically in Figure 9. A brief overview of the whole process is as follows: coating 
powder is fluidized in a reservoir by blowing air through it from a perforated base and the 
Page 13 of 95 
fluidized powder is then blown along a feed pipe to a dispensing and charging gun. Two types 
of gun are available: the triboelectric and the corona gun. In the triboelectric gun fluidized 
powder is blown vigorously through the barrel, which consists of a carefully chosen material 
to maximize triboelectric charging, and then emerges charged and is blown towards the 
workpiece to be coated. The alternative and more common corona gun charges powder 
particles by ensuring that they pass through a corona discharge in the gun exit region. 
 
Figure 9: Phases of electrostatic powder coating [19] 
 Corona gun 
The simplest gun consists of a cylindrical barrel at the end of which is one or more 
sharply pointed electrodes which are maintained at a high negative potential of 60-100 kV. 
The intense voltage gradient in the vicinity of the electrode tips sets up a stable corona 
discharge through which emerging powder particles pass. Charging of these particles by 
negative ions occurs according to ion attachment. Both types of powder coating gun produce 
a charged powder cloud in the transport region between the gun and the workpiece which 
results in a space-charge electric field directed towards, and terminating on, the earthed 
workpiece. With the corona gun there is an additional electric field between the gun and the 
workpiece due to the high potential of the corona electrode [19]. 
 
Figure 10: Conventional Corona gun 
 Electrophotographic method 
The powder particles are picked up and deposited by electrostatic force by a charged 
surface. Powder can be picked up using a photo-conducting belt or a drum. The 
photoconductor drum is charged using a charging roller, which is a contact charging device 
[20]. A configuration based on photo-conducting belt is illustrated in Figure 11.  
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Figure 11: Electrophotographic powder deposition system [21] 
The belt has a coating of photoreceptive material on one side. This material is non-
conducting in the dark but becomes conducting when light falls on the surface. The belt is 
cleaned and charged by the belt cleaner and charging device respectively. The image 
projector then discharges the belt selectively by projecting light on the belt so that only the 
desired area in the desired shape remains charged. Light can discharge the photoconductor 
because it becomes conductive in the region where the light falls and electric charge flows to 
the ground in such regions. Later, when the belt comes in contact with the image developer, 
powder particles jump on to the region of the belt that is still charged. The developer not only 
acts as powder container but it also charges and transports the powder to the photoconductor. 
The figure shows two developers so that the system could deposit more than one powder. The 
powder picked up by the belt is deposited onto the build platform, which is charged in the 
opposite polarity to attract the powder particles. This process is repeated to deposit powder 
layer by layer. Very fine powder can be used in this process so that each layer can be as little 
as 5-10 microns thick. The results of that device indicated that this method is capable of 
printing powder with precision consistent with electrophotography used in printing and 
photocopying applications. The test-bed is capable of achieving an accuracy of roughly 600 
dots per inch. However, positioning subsequent layers precisely over previous layers will 
require robust control system [21]. 
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1.2.3 Vibratory methods 
Vibration has long been used to improve packing efficiency of powder prior to 
compaction processes. Vibration methods include low frequency, motor- or solenoid-driven, 
vibratory and shaker feeders. Vibratory flows use vertical down-pipes in which flow is 
controlled by either longitudinal or transverse acoustic vibration and to which ultrasonic 
control of powder flow has recently been added [22]. It is well known that vibration increases 
the packing efficiency of granular materials [23] and models have been devised for the time-
dependence of increase in apparent density as a result of both individual particle 
rearrangement and relaxation of particle clusters [24].  
 Vibratory feeders 
The experimental setup illustrated below (Figure 12) is used both to switch powder 
flow on and off and to control rate of flow and so has all the attributes of both a proportioning 
valve and an on/off valve. The extensive study by Clausen and co-workers [25] used Hall 
flow meters [26] fitted with axial and transverse vibration providing accelerations up to 2.7 G 
and having 2.5 or 5 mm orifices. 
 
Figure 12: Powder flow mechanism subjected to either horizontal or lateral vibration 
displacement 
Matsusaka et al. [27] report a micro-feeding method based on vibration of a vertical 
capillary tube attached to a hopper by an electric motor. They identify a critical frequency, in 
the region of several hundred Hz, below which powder flow stops and turns out to be 
inversely proportional to amplitude and to capillary diameter. Flow rate increases with 
frequency and then reaches a limiting rate. Flow is attributed to the loosening of a layer of 
particles near the wall by vibration, whereas the core of particles are thought to flow as a 
plug. 
 Ultrasound & Acoustic powder flow 
Another method utilizes a transmission of 20 kHz ultrasound to a capillary tube 
through a water medium from a sonicator probe (Figure 13) also providing possibilities for 
miniaturization [28]. The tubes were 0.6–1.3 mm in diameter and flow rates of a few 
milligrams per second were obtained. Flow rate was very sensitive to capillary diameter and 
increased with power delivered to the ultrasonic probe for capillaries less than 0.81 mm but 
decreased at higher power levels for capillaries of 1.04 mm. The mechanism was also 
attributed to a vibrating layer of powder close to the wall, which acts as a lubricant. Saito et 
al. [29] also describe the use of ultrasonic control of flow rate through a valve with an annular 
gap at the base of a vertical tube. The base is connected by a central rod to the actuator. Flow 
rate is almost linearly related to vibrational velocity. Ultrasonic feeding mechanisms have 
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been refined to provide flow rates down to 10 μg s−1 using capillaries of 125 μm and 50 μm 
diameter for powders of about 3 μm [30] and the device has been used to put down dry 
powder patterns of dimensions n the range of mm. 
 
Figure 13: Ultrasonic activation of powder flow 
S. Yang et.al [31] have used specifically designed valves which consisted of capillary 
tubes subjected to lateral acoustic vibration through which each powder flows. Flow stops 
when vibration ceases and the rate of flow is controlled by amplitude in the region 25–300 
Am and frequency in the region 50–300 Hz. For some applications in the selective laser 
sintering of metal or ceramic powders it would be an advantage to operate the process at 
reduced pressures to control oxidation and moisture. The results from the experiments with 
low pressures showed that decreased pressure does not reduce the flow rate of free flowing 
powders in the static Hall flow meter in the pressure range explored here, which is suitable for 
powder protection. Flow reduction due to welding of asperities in copper or tool steel 
powders was not observed at pressures down to 104 Pa. In selective laser sintering of metal 
powders, it is sometimes customary to use reduced pressure or an inert gas chamber, perhaps 
with a slight over-pressure. In powder dispensing devices for selective laser sintering based 
on capillary flow, these results suggest that absolute gas pressure from 8x10-4 Pa to 2x10 5 Pa 
did not influence the flow rate for free flowing metal powders. Small pressure gradients along 
the flow path, on the other hand, can have a significant effect on flow rate and could interfere 
with computer programmed mixing and metering procedures. 
The results for acoustic or ultrasonic vibration methods are promising for on/off and 
flow control over a wide range of flow rates on a wide range of powders based on simple 
mechanisms that avoid sliding construction. In acoustic vibration control, the ratio of tube 
diameter to particle size can be selected to give optimized switching control. In ultrasonic 
vibration control, the nozzle diameter, transmission fluid depth, waveforms, voltage 
amplitude, frequency and oscillation duration all influence the dose mass. Among these 
factors, the nozzle diameter, voltage amplitude and oscillation duration can be used to control 
the dose mass and minimum dosage of 14 μg has been achieved [22]. 
1.2.4 Other methods 
In this chapter some other methods for powder deposition will be presented only 
briefly, because they are not compatible with the SLS machine that is already built, mostly 
because of lack of space and that the powder compaction mechanism is already chosen to be a 
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roller. Therefore, such methods cannot be applied completely but some characteristic may be 
used. 
 Aerozol method 
The aerosol assisted spray deposition method has been developed to prepare dense 
and porous films [32]. Yiquan Wu et.al [33] work focuses on the preparation of titanium 
dioxide powder films with emphasis on the effects of the concentration and deposition 
temperature. The titanium dioxide powder films were prepared using aerosol assisted spray 
deposition from a liquid solution onto aluminium substrates and then densified by a laser 
system. Titanium oxide acetylacetonate was used to prepare the liquid precursor with a 
concentration in a range of 0.5–2.0 M. The aforementioned solution was briefly exposed to an 
electrostatic atomiser to form charged aerosol droplets, which were subsequently sprayed 
onto a heated substrate. The deposition temperature was set within a range of 300–400 ◦C. 
The results show that the roughness and inhomogeneity of the microstructure increased when 
the deposition temperature and precursor concentration were increased. In order to obtain 
powder layers for selective laser densification, the deposited titanium dioxide films in powder 
form were prepared with optimized parameters including a deposition temperature of 350 ◦C 
and a precursor concentration of 0.5 M. The aerosol assisted spray deposition has been shown 
to have excellent material deposition characteristics and the ability to control the 
microstructure of deposited powder films. It can produce ideal layers for selective laser 
densification to obtain a desired ceramic pattern. 
 Coaxial powder delivery 
The coaxial powder delivery system mainly includes the powder feeder, the powder 
nozzle, and the shield gas circuit. The powder feeder can store and transport the alloy powder 
selected. The metal powder laser prototyping process requires enough powder feeding 
precision, uniformity, and stability. The powder nozzle can deliver powders from the exit of 
powder feeder to the spot of laser focus exactly. The powder nozzle the orifice for the laser 
focusing beam, shield gas, as well as the metal powder. In addition, complicated cooling 
water channels are designed around the powder nozzle to cool the system [35][36][37][38]. 
The coaxial powder delivery system introduced in [34], including 2-D and 3-D models of the 
main parts, has shown stable performance, uniform powder flux, high cooling efficiency and 
long useful life. . 
 
Figure 14: Flow route of powder and shield gas [34] 
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 The Tower Nozzle 
This new powder delivery strategy relies on a specially designed powder delivery 
nozzle, named tower nozzle, to dispense the feedstock powders continuously and uniformly 
onto the processing area where they accumulate progressively as a flat powder bed without 
interrupting the laser consolidation operation. The tower nozzle is mounted vertically in the 
center of the processing area as shown in Figure 15. Carried by a gas stream, the feedstock 
powders travel up through the tower nozzle and disperse uniformly over the processing area. 
The airborne feedstock particles eventually settle as a flat powder bed, while the fluidization 
gas ascends vertically within the feedstock confinement cylinder into the processing chamber. 
The gas and the fluidization gas eventually exit the processing chamber through the gas exit 
port. The three components that form the tower nozzle are described next. The crossover pole 
transfers the incoming powder from the entry port to its exterior via four crossover slots. The 
nozzle cover enclosing the crossover pole forces the feedstock to ascend vertically along a 
1mm wide annular cylindrical guide. The feedstock deflection cap attached to the crossover 
pole forces the feedstock to deflect radially, covering the processing area uniformly. 
 
Figure 15: Schematic of Tower Nozzle 
 
 
 
Figure 16: Prototype of the tower nozzle 
1.2.5 Powder properties 
In this section a few properties of powder materials will be mentioned in order to be 
taken into consideration later in designing the powder deposition mechanism. Granular 
materials flow is a complicated issue mostly because the flow of a powder or a bulk solid 
depends upon several parameters such as: 
 Particle size distribution 
 Particle shape 
 Chemical composition of particles  
 Moisture 
 Temperature  
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It is not possible to determine theoretically the flow behavior of bulk solids in 
dependence of all these parameters. Even if this were possible, the pertinent cost would be 
very high. Thus, it is necessary, and also simpler, to determine the flow properties using 
appropriate testing devices [42]. The most important single property of a granular material is 
the particle size. Table 1 classifies the granular materials according to particle size [43]. 
Particle size range Material Classification  
0.1μm – 1.0μm  Ultra-fine powder 
1.0μm – 10μm  Superfine powder 
10μm – 100μm  Granular powder 
100μm – 3.0mm  Granular solid 
3.0mm – 10 mm  Broken solid 
Table 1: Classification of granular materials according to particle size [43] 
Within the bulk solid (Figure 17 left) the horizontal stress, σh, is a result of the 
vertical stress, σv, exerted on the bulk solid from the top. The ratio of horizontal stress to 
vertical stress is the stress ratio, K. Typical values of k are between 0.3 and 0.6 [44]. 
𝑘 =
𝜎ℎ
𝜎𝑣
 
 
Figure 17: Force equilibrium on an element of bulk solid and the Mohr stress circle 
An important qualitative result is that shear stresses can occur in bulk solids at rest, 
which impossible for a Newtonian fluid at rest. The flowability of a bulk solid depends on the 
adhesive forces between individual particles. With fine-grained, dry bulk solids, adhesive 
forces due to van der Waals interactions play the essential role. With moist bulk solids, liquid 
bridges between the particles usually are most important. Liquid bridges are formed by small 
regions of liquid in the contact area of particles, in which due to surface tension effects a low 
capillary pressure prevail. Both types of adhesive forces described above are dependent on the 
distance between particles and on particle size. When the density of a powder material 
exceeds a certain value dilatancy, it is resistant to shear, like solids, while below this density it 
will “fluidify”. This fluidified state can be rather complex, especially in the presence of 
density fluctuations and density gradients [40]. It can be shown that the influence of adhesive 
forces on flow behavior increases with decreasing particle size. Thus, as a rule, a bulk solid 
flows more poorly with decreasing particle size. Further to that, poor flow could be a result of 
high particles irregularities and/or surface texture indicated by the higher specific surface area 
[41]. Fine-grained bulk solids with moderate or poor flow behavior due to adhesive forces are 
called cohesive bulk solids. If particles are pressed against each other by external forces, the 
compressive force acting between the particles increases. Thereby large stresses prevail 
(locally) at the particles' contact points, because the contact points are very small. This leads 
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to plastic deformation of the particles in the contact area, so that the contact areas increase 
and the particles approach each other. Thereby the adhesive forces increase. Thus a 
compressive force acting from outside on a bulk solid element can increase the adhesive 
forces. Flowability of a bulk solid is characterized mainly by its unconfined yield strength, σc, 
in dependence on consolidation stress, σ1, and storage period, t. Usually the ratio ffc of 
consolidation stress, σ1, to unconfined yield strength, σc, is used to characterize flowability 
numerically. 
 
Figure 18: Uniaxial compression test 
The larger ffc is, the smaller the ratio of the unconfined yield strength, σc, to the 
consolidation stress, σ1, and the better a bulk solid flows. One can define flow behavior as 
follows: 
𝑓𝑓𝑐 =  𝜎1/𝜎𝑐 
 ffc < 1 not flowing 
 1 < ffc < 2 very cohesive 
 2< ffc < 4 cohesive 
 4< ffc < 10 easy-flowing 
 10 < ffc free-flowing 
The following diagram (Figure 19) clearly shows that the flowability, ffc, of a specific 
bulk solid is dependent on the consolidation stress, σ1 (in most cases ffc increases with σ1 as 
with bulk solid A). 
 
Figure 19: Flow function and lines of constant flowability 
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2 Methodology of the study 
Before starting the investigation for the powder deposition mechanism it is of crucial 
importance to define the methodology that will be used, step by step. This is very important in 
order to structure the study and to understand easier. In the previous chapter (chapter 1) there 
was a detailed presentation of numerous methods for powder deposition. This information 
will be used in order to produce some concept designs for the powder deposition mechanism. 
The following figure (Figure 20) illustrates at an abstract level the steps that are to be 
implemented during this study. 
 
Figure 20: Methodology flow chart 
Literature Investigation
Creation of Concept Designs for the 
Mechanism
Concept Designs Accepted?
Define the criteria that will be used for 
the evaluation of the concept designs
Criteria accepted?
Evaluation of the alternative designs
Select the best concept design
Detailed investigation for the best 
design
Design accepted?
Dimensioning of the design
Building the device
Testing 
Results acceptable?
Tuning and Optimizing
END
START
YES
YES
YES
YES
NO
NO
NO
Specifications of the mechanismSLS machine 
Testing successful?
YES
NO
NO
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In the next chapter (chapter 3) there will be presented several concept designs for the 
mechanism that is to be designed. Before the creation of those concept designs the 
specifications of that mechanism have to be clarified. The powder deposition mechanism has 
to be able to deposit a minimum of 20μm powder layer. After the creation of these designs a 
set of criteria have to be defined in order to evaluate in an objective way the alternative 
concept designs. The evaluation of the concept designs will be performed with a method 
called “Analytic Hierarchy Process (AHP)” [48], this method will reveal the best design and a 
detailed investigation is performed for that particular design. If that detailed design satisfies 
the requirements, then the next step is the dimensioning of the mechanism. When the 
mechanical drawings are done the next phase is the phase of fabrication of the mechanism. 
The final steps concern testing of the mechanism as well as the tuning and optimization. 
Robust technics will be used for the optimization of the mechanism. More specifically, 
Statistical Design of experiments will be used in order to minimize the number of 
experiments need for optimizing the device and subsequent ANOM and ANOVA analysis of 
the results will be performed [45].  
2.1 Analytic Hierarchy Process (AHP) & Evaluation Criteria 
The Analytic Hierarchy Process (AHP) is a multi-criteria decision-making method 
that was originally developed by Saaty [46][47][48]. The AHP has attracted the interest of 
many researchers mainly due to the nice mathematical properties of the method and the fact 
that the required input data are rather easy to obtain. The AHP is a decision support tool 
which can be used to solve complex decision problems. It uses a multi-level hierarchical 
structure of objectives, criteria, sub-criteria, and alternatives. The pertinent data are derived 
by using a set of pairwise comparisons. These comparisons are used to obtain the weights of 
importance of the decision criteria, and the relative performance measures of the alternatives 
in terms of each individual decision criterion. If the comparisons are not perfectly consistent, 
then it provides a mechanism for improving consistency. 
2.1.1 Analytic Hierarchy Process (AHP) methodology 
The decision making procedure starts with the creation of the “judgment” matrices. A 
problem has as many judgment matrices as the number of criteria plus a judgment matrix with 
the criteria. The following table (Table 2) illustrates the judgment tables. The number of 
alternatives is M and the number of criteria is N.  
Alternative judgment matrices  
CrN Al1 Al2 … AlM 
Al1 1 a21 … aM1 
Al2 1/a21 1 … aM2 
…
 
…
 
…
 
1 …
 
AlM 1/aM1 1/aM2 … 1 
Al: alternative 
Criteria judgment matrix 
 Cr1 Cr2 … CrN 
Cr1 1 c21 … cN1 
Cr2 1/c21 1 … cN2 
…
 
…
 
…
 
1 …
 
CrN 1/cN1 1/cN2 … 1 
Cr: criteria  
Table 2: Judgment matrices 
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The most crucial step in the decision making procedure is the pairwise comparisons, 
because based on that all the evaluation is performed. The alternatives and the criteria are 
compared based on the following scale: 
Intensity of Importance Definition Explanation 
1 Equal importance Two activities contribute 
equally to the objective 
3 Weak importance of one over 
another 
Experience and judgment 
slightly favor one activity 
over another 
5 Essential or strong importance Experience and judgment 
strongly favor one activity 
over another 
7 Demonstrated importance An activity is strongly 
favored and its dominance 
demonstrated in practice 
9 Absolute importance The evidence favoring one 
activity over another is of 
the highest possible order of 
affirmation 
2,4,6,8 Intermediate values between 
the two adjacent judgments 
When compromise is needed 
Reciprocals of above 
nonzero 
If activity I has one of the 
above nonzero numbers 
assigned it when compared 
with activity j, then j has the 
reciprocal value when 
compared with i 
 
Table 3: Scale of Relative Importance [48] 
After all the judgment matrices are formed the principal eigenvector has to be 
calculated for each matrix. The principal eigenvector is the eigenvector that has the maximum 
eigenvalue. Once the eigenvectors have been calculated for all the judgment matrices these 
vector have to be normalized based on the following formula. 
Principal eigenvector i  
(for i=1,2,…,M+1) 
Normalized principal eigenvector 
[
𝑉11 ⋯ 𝑉1𝑀
⋮ ⋱ ⋮
𝑉𝑀1 ⋯ 𝑉𝑀𝑀
] 
[
 
 
 
 
 
𝑉11
∑ 𝑉𝑖1
𝑀
𝑖=0
⋯
𝑉1𝑀
∑ 𝑉1𝑖
𝑀
𝑖=0
⋮ ⋱ ⋮
𝑉𝑀1
∑ 𝑉𝑖1
𝑀
𝑖=0
⋯
𝑉𝑀𝑀
∑ 𝑉1𝑖
𝑀
𝑖=0 ]
 
 
 
 
 
 
Then the normalized principal eigenvector represents the priority vector for each 
judgment matrix respectively. The priority vectors are used to form the entries of the decision 
matrix. Based on that the judgment matrices are as follows: 
Alternative judgment matrices  Priority vector 
CrN Al1 Al2 … AlM  
Al1 1 a21 … aM1 PV1N 
Al2 1/a21 1 … aM2 PV2N 
…
 
…
 
…
 
1 
…
 
…
 
AlM 1/aM1 1/aM2 … 1 PVMN 
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Criteria judgment matrix Priority vector 
 Cr1 Cr2 … CrN  
Cr1 1 c21 … cN1 PVCr1 
Cr2 1/c21 1 … cN2 PVCr2 
…
 
…
 
…
 
1 
…
 
…
 
CrN 1/cN1 1/cN2 … 1 PVCrN 
Table 4: Judgment matrices with calculated priority vectors 
The next step in the procedure is the calculation of the consistency of each of the 
judgment matrices. First the Consistency (CI) index have to be calculated: 
𝐶𝐼 =
𝜆𝑚𝑎𝑥 − 𝑛
𝑛 − 1
 
Where  
 λmax: is the maximum eigenvalue (based on which the principal eigenvector 
has been selected) 
 n: is the order of the table  
Then the Consistency ratio (CR) can be calculated. If the CR is less than 10% then 
the judgment matrix is consistent [48]. 
𝐶𝑅 =
𝐶𝐼
𝑅𝐶𝐼
 
Where RCI: Random Consistency Index and is given based on the following table: 
n 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 
RCI 0.00 0.00 0.58 0.90 1.12 1.24 1.32 1.41 1.45 1.49 1.51 1.48 1.56 1.57 1.59 
Table 5: Random consistency index values [46] 
The final step of the procedure is the formation of the decision matrix, which is 
consisted by the priority vectors of the alternative judgement matrices and on top there is the 
priority vector of the criteria judgment matrix, based on these the Final Priority can be 
calculated from the equation: 
𝐹𝑃𝑖 = ∑𝑃𝑉𝑗𝑖 ∗ 𝑃𝑉𝐶𝑟𝑗
𝑁
𝑗=1
 
Alternative judgment matrices  Final Priority 
 Cr1 Cr2 … CrN  
 PVCr1 PVCr2  PVCrN  
Al1 PV11 PV21 … PV1N FP1 
Al2 PV12 PV22 … PV2N FP2 
…
 
…
 
…
 
…
 
…
 
…
 
AlM PV1M PV2M … PVMN FPM 
Table 6: Decision Matrix 
The alternative with the highest “Final Priority” is the predominant solution for the 
problem. 
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2.1.2 Criteria for the AHP 
The evaluation process of the alternative concept designs will be performed in two 
phases, as shown in Figure 21. First the alternative concept designs have to be grouped into 
sub-systems. Then for each sub-system the AHP method will be applied in order to obtain the 
best for each sub-system. This evaluation will be performed based on the 1st set of criteria, 
after that the revealed alternatives will be evaluated based on the 2nd set of criteria. 
 
Figure 21: 2 phase decision making 
The following the two set of criteria that are going to be used for the evaluation of the 
alternative concept designs Table 7 and Table 8. 
  1st Set of Criteria 
No. Criteria Description 
Cr11 Procedure cycle time 
The estimated cycle time for the deposition of a 
powder layer 
Cr12 Weight on the roller 
The estimated weight on the roller, which can affect 
the surface quality 
Cr13 Cost 
The estimated cost for the fabrication of the 
mechanism 
Cr14 Manufacturability The easiness for manufacturing for the mechanism 
Cr15 Complexity The estimated complexity of the mechanism 
Cr16 Standalonability 
Need for peripheral devices (during the powder 
deposition procedure) 
Table 7: 1st set of criteria 
 
2nd Set of Criteria 
No. Criteria Description 
Cr21 Surface quality The estimated surface quality of the powder layer 
Cr22 Experimental interest The interest for experimentation 
Cr23 Cost 
The estimated cost for the fabrication of the 
mechanism 
Cr24 Manufacturability The easiness for manufacturing for the mechanism 
Divide the alternatives into sub-systems 
Find the best for each sub-system1st set of criteria
Find the best among the best from each 
sub-system
2nd set of criteria
Best solution 
2 Phase decision making
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Cr25 Complexity The estimated complexity of the mechanism 
Cr26 Adaptability 
How easy the mechanism can be adapted to the 
existing SLS machine. 
Cr27 
Geometrical constrains to be 
taken into consideration 
How many and what type geometrical constrains 
have to be taken into consideration for the 
designing of the mechanism 
Cr28 Standalonability 
Need for peripheral devices (during the powder 
deposition procedure) 
Table 8: 2nd set of criteria 
2.2 Statistical design of experiments 
A four-phase Statistical Design of Experiments (SDoE) based on the Taguchi 
methods will be carried out for the calibration of the powder deposition mechanism (Figure 
22). 
 
Figure 22: Statistical Design of Experiments flow chart [49] 
The first step of conducting the SDoE is to determine the factors that are to be 
investigated and the number of levels that each factor has. Afterwards, the degrees of freedom 
have to be calculated in order to select an appropriate orthogonal array. The degrees of 
freedom of the problem defines the minimum number of experiments that have to be 
conducted in order for the result of the SDoE to be valid.  
Determine the number of levels for each factor
Calculate the Degrees of Freedom 
Select an orthogonal Array that fits to the problem
Define the data analysis procedure
Conduct the experiments
Analyze the data
Predict the performance at these
Individual factor 
contribution 
Determination of the 
optimum levels 
(ANOM)
ANOVA analysis
Validation Experiments
Determine the factors
Experiment results Valid?
END
Yes 
No
START
Conduct experiments 
under optimum 
conditions
Phase 1
Phase 2
Phase 3
Phase 4
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𝐷𝐹𝑖 = 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟 𝑙𝑒𝑣𝑒𝑙𝑠 − 1 
Where DF are the degrees of freedom of the parameter i 
When the degrees of freedom of all the parameters have been calculated the total 
Degrees of Freedom of the problem are given from the following equation: 
𝐷𝐹𝑡𝑜𝑡𝑎𝑙 = ∑𝐷𝐹𝑖
𝐼
𝑖=1
 + 1 
Where I is the number of parameters 
The selected orthogonal array should have more or equal rows than the number of 
degrees of freedom. After this point the conduction of the experiments have to be done based 
on the selected orthogonal array. After the conduction of the experiments the data taken from 
the experiments have to be analyzed and the following table must be completed. 
Factors/
Levels 
Level 1 Level 2 …. Level j 
Factor 
1 
    
Factor 
2 
    
….     
Factor k     
Table 9:ANOM table 
As it was mentioned before some factor may have different number of levels. The 
above table is completed using the following equation: 
𝑚𝑓𝑎𝑐𝑡𝑜𝑟 𝑘𝑙𝑒𝑣𝑒𝑙 𝑗 =
1
𝐹𝑎𝑐𝑡𝑜𝑟 𝐿𝑒𝑣𝑒𝑙𝑠
∗ ∑𝑛𝑗
𝐽
𝑗=1
 
Where j is the number of the levels of the factor k, nj is the observed values from the 
experiments for factor k for level j. 
After the completion of the ANOM table (Table 9) the ANOM diagrams can be 
produced. These diagrams show the effect of each factor to the measured value. Based on 
these diagrams the optimum set of factor levels can be revealed. The optimum level of each 
factor is the level with the maximum value in the ANOM table. Additionally, the overall 
mean has to be calculated. The overall mean is the average value of the measured value from 
all the experiments. Following the ANOVA table can be completed. 
Factors/Levels Level 1 Level 2 …. Level j 
Sum of 
Squares 
Effect 
percentage 
Factor 1       
Factor 2       
….       
Factor k       
    
Total sum of 
squares 
  
Table 10: ANOVA table 
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The cells of the table marked with orange colour take values from the following 
equation: 
𝑚𝑓𝑎𝑐𝑡𝑜𝑟𝑘,𝐿𝑒𝑣𝑒𝑙𝑗
2 = (𝑓𝑎𝑐𝑡𝑜𝑟 𝑙𝑒𝑣𝑒𝑙𝑠) ∗ (𝑚𝑓𝑎𝑐𝑡𝑜𝑟 𝑘𝑙𝑒𝑣𝑒𝑙 𝑗 − 𝑜𝑣𝑒𝑟𝑎𝑙 𝑚𝑒𝑎𝑛)
2 
Furthermore, the cells of the ANOVA table marked with green is the sum of the 
values of each row and the Total sum of squares (the cell marked with blue) is the sum of the 
cells marked with green. Additionally, the effect percentage of each factor (pink cells) can be 
calculated by the following equation: 
𝐸𝑓𝑓𝑒𝑐𝑡 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑜𝑓 𝑓𝑎𝑐𝑡𝑜𝑟 𝑘 =
𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑜𝑓 𝑓𝑎𝑐𝑡𝑜𝑟 𝑘
𝑇𝑜𝑡𝑎𝑙 𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠
∗ 100% 
The final step, which is the validation of the results, is described hereafter. The 
additive model is used to predict the value of U under the optimum conditions, denoted by 
(Uopt) ′ (equation below).  
(𝑈𝑜𝑝𝑡)
′
= 𝑚 + ∑(𝑓𝑘𝑗 − 𝑚)
𝐾
𝑘=1
    
Where:  
m:  the overall mean of the utility value (a value which combines all the measurable results)  
k:  the number of observed factors 
fkj:  the effect of each factor under optimum conditions 
 
If the sum of squares of some factors is small, the corresponding improvement in the 
prediction of (Uopt) ′ under optimum conditions is not materialised because these terms are 
included as errors. If the contribution from all factors is accounted, it can be shown that the 
predicted improvement in (Uopt) ′exceeds the actual improvement and the prediction would be 
biased on the higher side. By ignoring the contribution from factors with small sum of 
squares, this bias is reduced. The next step is to determine the variance of the prediction error 
so that the closeness of the observed Uopt to the predicted (Uopt) ′ can be judged. The 
prediction error, which is the difference between the observed Uopt and the predicted (Uopt) ′, 
has two independent components. The first one is the error in the prediction of (Uopt) ′ caused 
by the errors in the estimates of 𝑚 and 𝑚𝑆𝑁𝐴5 and the second is the repetition error of an 
experiment. Because these components are independent, the variance of the prediction error is 
the sum of their respective variances. The prediction error variance is given from (2). 
𝜎𝑝𝑟𝑒𝑑
2 = (
1
𝑛0
) ∗ 𝜎𝑒
2 + (
1
𝑛𝑟
) ∗ 𝜎𝑒
2 
Where: 
 n0:  the equivalent sample size for the estimation of Uopt and is given from equation (3) 
below. 
1
𝑛0
=
1
𝑛
+ ∑ (
1
𝑛𝑘𝑗
− 
1
𝑛
)
𝐾
𝑘=1
 
Where: 
 𝑛: the number of rows in the experiment matrix (selected orthogonal array) and  
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 𝑛𝑘𝑗: the number of times level j of factor k was repeated in the experiment matrix. 
The second component of equation (2) is now considered, 𝑛𝑟 is the number of 
experiments conducted with the optimum conditions and 𝜎𝑒 is the estimation of error variance 
and its value: 
𝜎𝑒
2 = 𝐸𝑟𝑟𝑜𝑟 𝑉𝑎𝑟𝑖𝑎𝑛𝑐𝑒 =  
𝑠𝑢𝑚 𝑜𝑓 𝑠𝑞𝑢𝑎𝑟𝑒𝑠 𝑑𝑢𝑒 𝑡𝑜 𝑒𝑟𝑟𝑜𝑟
𝑑𝑒𝑔𝑟𝑒𝑒𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒𝑑𝑜𝑚 𝑓𝑜𝑟 𝑒𝑟𝑟𝑜𝑟
 
The prediction error is the difference between the observed Uopt and the predicted 
(Uopt) ′. 
𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛 𝑒𝑟𝑟𝑜𝑟 = (𝑈𝑜𝑝𝑡)
′
− 𝑈𝑜𝑝𝑡  
In order for the results of the statistical design to be valid the prediction error should 
be inside the limits of two standard deviations of the error variance. 
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3 Preliminary Powder deposition mechanisms 
Investigation & evaluation 
In this chapter the alternative designs for the complete powder deposition mechanism 
designs will be presented and after that they are going to be evaluated in order to come up 
with the design that fits the most the specifications. Following the CAD model of the machine 
that is already been built. 
 
Figure 23: CAD model of the SLS machine 
The first step in that process is to split the “Powder deposition mechanism” into sub-
systems in order to simplify the process. The following figure (Figure 24) depicts the sub-
systems that the complete mechanism consists of. Beside the two powder tanks (one for the 
new powder and another for the recycled powder) the system consists of three sub-systems: 
1. Powder mixing device. This device will be responsible for the mixing of new and 
recycled powder with a pre-determined ration of mixing, which will be adjustable. 
2. The loose powder dispensing mechanism which may or may not be on top of the 
roller and will dispense the powder evenly to the working area. 
3. The powder recycling mechanism, which will recycle all the powder that was used 
but not sintered, in order to be used again. 
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Figure 24: Basic representation of sub-systems 
In this chapter the various alternative designs for each sub-system will be 
investigated. But before starting the preliminary investigation of each of the sub-systems a 
few unavoidable limitations have to be mentioned in order to be taken into consideration 
during the designing process. 
 The compaction of the powder will be performed by a roller and cannot be changed. 
 There is a limited height between the roller and the frame that laser head frame. 
The loose powder layering mechanism is a crucial component of the SLS machine, 
because the quality of the powder layer will determine the quality of the final product. As it 
mentioned previously there are some limitations, the compaction will be performed with a 
roller. Therefore, some methods that were described in previous chapters for powder 
deposition cannot be utilized in this application. Such methods are the methods described in 
the chapter “Electrostatic methods” (1.2.2) and the methods in the chapter “Other methods” 
(1.2.4).  
3.1 Loose powder dispensing mechanism investigation and evaluation 
There are two types of concept designs that are going to be presented non-hybrid 
(3.1.1) and hybrid (3.1.2) also the designs are categorized based on the method that they 
utilize for powder depositing, i.e. using vibrations, a slot feeder, a custom made dosing 
mechanism, a mechanism that utilizes flat belt and a feed bin. Due to the importance of this 
mechanism several alternative designs are going to be investigated in order to come up with a 
design that will lead to optimum results in comparison with the other designs. After the 
presentation of a set of alternative concept designs the AHP method will be applied in order 
to acquire the “local” best. When all the “local” best solution have been found the final 
Powder 
recycling 
mechanism New powder 
TANK
Recycled 
powder 
TANK
Used powder
New and Recycled 
powder mixing 
device
Loose powder 
dispensing 
mechanism
Page 32 of 95 
decision will be made using the second set of criteria as described in chapter 2.1.2 and in 
Figure 21. 
3.1.1 Non-Hybrid powder deposition mechanisms concept designs 
In this chapter will be presented the non-hybrid concepts designs. As it was 
mentioned earlier the compaction of the powder will be performed with a roller. The 
following designs uses only the roller for compaction and a mechanism that dispense loose 
powder in order for the roller to compact.  
 Vibratory deposing 
This method utilizes either horizontal or vertical vibration in order to create a flow of 
the powder inside the powder container. Table 11 illustrates the alternative designs for that 
method. 
# No. Concept design 
NHPD11 
 
NHPD12 
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NHPD13 
 
Table 11: Vibratory concept designs 
Concept design No.1 consists of the roller at one of the two sides of which a small 
powder container is mounted that is able to vibrate and dispense the powder which the roller 
compresses almost at the same time. With this configuration each time a new layer is needed 
the roller has to deposit the corresponding material and move back where it started, thus 
wasting considerable amount of time. For that reason, design No.2 is proposed, consisting of 
two powder containers, one for each side of the roller. In this way, deposition time is reduced, 
but another problem occurs. The two powder containers have to vibrate independently and, 
more important, when one is deposing the other has to be totally closed, because if the latter 
dropped loose powder after the roller has compacted the current powder layer, would be 
detrimental to the quality of the final product. Achieving that is quite difficult because both 
containers are mounted on the same surface, making it almost impossible when one is 
vibrating the other not to be. Design No. 3 comes to solve both No1 and No2 problems. A 
second roller is added to the system. Vibratory method can be very accurate, but it is 
extremely difficult to theoretically calculate the exact conditions for an exact amount of 
powder to be deposited in a given period of time. Therefore, experimental installations have 
to be made and their performance under certain conditions have to be examined. This 
methodology is quite time consuming. Besides, since the vibratory powder container is 
mounted on the roller the vibrations may corrupt powder compaction, leading to a poor 
surface quality and also may destroy the previous layers. Further to that, deposition of a 
totally even layer is very difficult mostly due to powder properties and imperfections. On the 
other hand, this method is flexible and by changing some parameters (frequency, amplitude) 
the mass flow can change accordingly. In all cases the powder containers are to be filled by a 
stationary system which will be on one of the two sides of the machine and probably will be a 
sub-system of the “Powder mixing device”. Following the evaluation of these designs. 
The six criteria Cr11 Cr12 Cr13 Cr14 Cr15 Cr16 Priority Vector 
Cr11 1 6 2 4 5 5 0.4057 
Cr12 1/6 1 1/5 1/3 1/2 1/2 0.0467 
Cr13 1/2 5 1 3 4 4 0.2750 
Cr14 1/4 3 1/3 1 2 2 0.1237 
Cr15 1/5 2 1/4 1/2 1 1 0.0744 
Cr16 1/5 2 1/4 1/2 1 1 0.0744 
λmax=6.1007, n=6, CR=0.0162<1 table consistent 
Table 12: Criteria judgment matrix (first set) 
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Cr11  NHPD11 NHPD12 NHPD13 Priority Vector 
NHPD11 1 1/6 1/6 0.0769 
NHPD12 6 1 1 0.4615 
NHPD13 6 1 1 0.4615 
λmax=3, n=3, CR=0<1 table consistent 
Table 13: Judgment matrix Cr11 Procedure cycle time 
Cr12  NHPD11 NHPD12 NHPD13 Priority Vector 
NHPD11 1 5 1/4 0.2370 
NHPD12 1/5 1 1/8 0.0643 
NHPD13 4 8 1 0.6986 
λmax=3.904 , n=3, CR=0.0810<1 table consistent 
Table 14: Judgment matrix Cr12 weight on the roller 
Cr13  NHPD11 NHPD12 NHPD13 Priority Vector 
NHPD11 1 3 4 0.6250 
NHPD12 1/3 1 2 0.2385 
NHPD13 1/4 1/2 1 0.1365 
λmax=3.0183, n=3, CR=0.0158<1 table consistent 
Table 15: Judgment matrix Cr13 Cost 
Cr14  NHPD11 NHPD12 NHPD13 Priority Vector 
NHPD11 1 6 4 0.6817 
NHPD12 1/6 1 1/4 0.0819 
NHPD13 1/4 4 1 0.2363 
λmax=3.1078, n=3, CR=0.930<1 table consistent 
Table 16: Judgment matrix Cr14 Manufacturability 
Cr15  NHPD11 NHPD12 NHPD13 Priority Vector 
NHPD11 1 7 4 0.7049 
NHPD12 1/7 1 1/3 0.0841 
NHPD13 1/4 3 1 0.2109 
λmax=3.0234, n=3, CR=0.0279<1 table consistent 
Table 17: Judgment matrix Cr15 Complexity 
Cr16  NHPD11 NHPD12 NHPD13 Priority Vector 
NHPD11 1 1/6 1/3 0.0953 
NHPD12 6 1 3 0.6548 
NHPD13 3 1/3 1 0.2499 
λmax=3.0183, n=3, CR=0.0158<1 table consistent 
Table 18: Judgment matrix Cr16 standalonability 
 Criteria  
 Cr11 Cr12 Cr13 Cr14 Cr15 Cr16 Final 
priority  Alt. 0.4057 0.0467 0.275 0.1237 0.0744 0.0744 
NHPD11 0.0769 0.2370 0.6250 0.6817 0.7049 0.0953 0.3580 
NHPD12 0.4615 0.0643 0.2385 0.0819 0.0841 0.6548 0.3209 
NHPD13 0.4615 0.6986 0.1365 0.2363 0.2109 0.2499 0.3209 
Table 19: Decision matrix NHPD1 
Based on the above analysis the most preferable alternative design is NHPD11, with 
35.80% which is slightly over the two other alternatives which both follows with 32.09%. 
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 Flat belt mechanism 
Flat belts are commonly used for the conveyance of materials from one place to 
another. Therefore, the following concept designs are proposed utilizing a flat belt. These 
designs utilize the same principles as the slot feeder, which will be presented later, i.e. the 
force of gravity and friction between the powder particles and the belt. In design No1 the belt 
will be able to move only in one direction, therefore, the powder deposition will be performed 
only in one direction in contrast with design No2 which can deposit powder in both 
directions.  
# No. Concept design 
NHPD21 
 
NHPD22 
 
Table 20: Flat belt mechanisms 
However, there are some drawbacks in that method. If the belt is moving too fast 
there may be a lot of powder floating in the air which can cause problems during the sintering 
stage. In addition, the powder in the air may sit in the moving part of the machine causing 
problems to the proper operation of the machine and will require regular cleaning and 
maintenance. Besides, in design No2 if particles of powder have stuck on the belt they may 
drop onto the compacted area leading to an uneven surface, which is interpreted as poor final 
quality. Furthermore, it is difficult to seal the belt at both sides to prevent it from dropping 
undesired loose powder on the machine. Following the evaluation of these designs. The 
criteria judgment matrix will be the same with the previews evaluation (Table 12). More 
specifically the criteria judgement matrix will be the same for all the fist criteria set 
evaluations. 
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Cr11  NHPD21 NHPD22 Priority Vector 
NHPD21 1 1/5 0.1667 
NHPD22 5 1 0.8333 
λmax=2, n=2, CR=0<1 table consistent 
Table 21: Judgment matrix Cr11 Procedure cycle time NHPD2 
Cr12  NHPD21 NHPD22 Priority Vector 
NHPD21 1 3 0.7500 
NHPD22 1/3 1 0.2500 
λmax=2, n=2, CR=0<1 table consistent 
Table 22: Judgment matrix Cr12 weight on the roller NHPD2 
Cr13  NHPD21 NHPD22 Priority Vector 
NHPD21 1 2 0.6667 
NHPD22 1/2 1 0.3333 
λmax=2, n=2, CR=0<1 table consistent 
Table 23: Judgment matrix Cr13 Cost NHPD2 
Cr14  NHPD21 NHPD22 Priority Vector 
NHPD21 1 2 0.6667 
NHPD22 1/2 1 0.3333 
λmax=2, n=2, CR=0<1 table consistent 
Table 24: Judgment matrix Cr14 Manufacturability NHPD2 
Cr15  NHPD21 NHPD22 Priority Vector 
NHPD21 1 4 0.8000 
NHPD22 1/4 1 0.2000 
λmax=2, n=2, CR=0<1 table consistent 
Table 25: Judgment matrix Cr15 Complexity NHPD2 
Cr16  NHPD21 NHPD22 Priority Vector 
NHPD21 1 1 0.5000 
NHPD22 1 1 0.5000 
λmax=2, n=2, CR=0<1 table consistent 
Table 26: Judgment matrix Cr16 standalonability NHPD2 
 Criteria  
 Cr11 Cr12 Cr13 Cr14 Cr15 Cr16 Final 
priority  Alt. 0.4057 0.0467 0.275 0.1237 0.0744 0.0744 
NHPD21 0.1667 0.7500 0.6667 0.6667 0.8000 0.5000 0.4615 
NHPD22 0.8333 0.2500 0.3333 0.3333 0.2000 0.5000 0.5347 
Table 27: Decision matrix NHPD2 
Based on the analysis above the best designs between the two is the NHPD22 with 
53.47% following the NHPD21 with 46.15%. 
 Custom made dosing mechanism 
This method is proposed because of its precision, repeatability and ease of building. 
The dosing mechanism is mainly a rotating cylinder with a number of slots of predetermined 
depth, which, when rotating, takes powder from the container and drops it in front of the 
roller. Design No1 has the same problem as previous designs: it can deposit powder only in 
one direction, consuming a large amount of time. For that reason, design No2 is proposed 
with dosing mechanisms at both sides of the rollers. Design No3 is approximately the same 
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with No2 but the greatest difference is that the dosing mechanisms are stationary at the end of 
the working space on both sides. This design is easier to implement in comparison with No2 
mostly because of the lack of space above the roller, as it was mentioned earlier. Also, if 
design No3 is selected, no further mechanism is needed to fill the dosing mechanisms with 
powder. The dosing mechanism consists of a powder container and a slotted cylinder at the 
bottom.  
# No. Concept design 
NHPD31 
 
NHPD32 
 
NHPD33 
 
Table 28: Custom dosing mechanism 
The evaluation of these concept designs is as follows. The criteria priority vectors are 
taken from Table 12. 
Cr11  NHPD31 NHPD32 NHPD33 Priority Vector 
NHPD31 1 1/6 1/6 0.0769 
NHPD32 6 1 1 0.4615 
NHPD33 6 1 1 0.4615 
λmax=3, n=3, CR=0<1 table consistent 
Table 29: Judgment matrix Cr11 Procedure cycle time NHPD3 
  
Non working 
area
Non working 
area
Working area
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Cr12  NHPD31 NHPD32 NHPD33 Priority Vector 
NHPD31 1 4 1/3 0.2628 
NHPD32 1/4 1 1/7 0.0786 
NHPD33 3 7 1 0.6586 
λmax=3.0324, n=3, CR=0.0279<1 table consistent 
Table 30: Judgment matrix Cr12 weight on the roller NHPD3 
Cr13  NHPD31 NHPD32 NHPD33 Priority Vector 
NHPD31 1 5 2 0.5816 
NHPD32 1/5 1 1/3 0.1095 
NHPD33 1/2 3 1 0.3090 
λmax=3.0037, n=3, CR=0.0032<1 table consistent 
Table 31: Judgment matrix Cr13 Cost NHPD3 
Cr14  NHPD31 NHPD32 NHPD33 Priority Vector 
NHPD31 1 4 2 0.5714 
NHPD32 1/4 1 1/2 0.1429 
NHPD33 1/2 2 1 0.2857 
λmax=3, n=3, CR=0<1 table consistent 
Table 32: Judgment matrix Cr14 Manufacturability NHPD3 
Cr15  NHPD31 NHPD32 NHPD33 Priority Vector 
NHPD31 1 3 1/4 0.2255 
NHPD32 1/3 1 1/5 0.1007 
NHPD33 4 5 1 0.6738 
λmax=3.0858, n=3, CR=0.0739<1 table consistent 
Table 33: Judgment matrix Cr15 Complexity NHPD3 
Cr16  NHPD31 NHPD32 NHPD33 Priority Vector 
NHPD31 1 1/4 1/9 0.0633 
NHPD32 4 1 1/5 0.1939 
NHPD33 9 5 1 0.7429 
λmax=3.0713, n=3, CR=0.0614<1 table consistent 
Table 34: Judgment matrix Cr16 standalonability NHPD3 
 Criteria  
 Cr11 Cr12 Cr13 Cr14 Cr15 Cr16 Final 
priority  Alt. 0.4057 0.0467 0.275 0.1237 0.0744 0.0744 
NHPD31 0.0769 0.2628 0.5816 0.5714 0.2255 0.0633 0.2955 
NHPD32 0.4615 0.0786 0.1095 0.1429 0.1007 0.1939 0.2606 
NHPD33 0.4615 0.6586 0.3090 0.2857 0.6738 0.7429 0.4437 
Table 35: Decision matrix NHPD3 
The above analysis revealed that the NHPD33 is the most suitable among the three of 
them with percentage 44.37%. 
 Powder deposition using a feed bin 
As it was described in the state of the art (chapter 1) the feed bin consists of a powder 
container with a piston at the bottom, which is capable of moving up and down to feed the 
right amount of powder to the system. There are two options for that design, corresponding to 
the presence of a feed bin on one side or on both sides of the machine. Design No1 has only 
one feed bin at one of the two sides of the machine, which is more time consuming as it was 
stated before. Therefore, Design No2 solves that problem. Each time a new layer of powder is 
Page 39 of 95 
needed, the roller goes to the non-working area then the feed bin rises to a predetermined 
height and then the roller passes above the feed bin taking the loose powder to the working 
area to depose it and compact it. According to that method there is no need for a mechanism 
for filling the feed bin with powder, as the same was possible with the stationary dosing 
mechanism. The feed bin will be filled up upfront and it will contain powder for the entire 
working volume. 
# No. Concept design 
NHPD41 
 
NHPD42 
 
Table 36: Powder deposition using a feed bin 
Following the evaluation of the alternative concept designs based on the criteria 
defined in chapter 2.1.2 and the criteria priority vector are taken from the Table 12. 
Cr11  NHPD41 NHPD42 Priority Vector 
NHPD41 1 1/5 0.1667 
NHPD42 5 1 0.8333 
λmax=2, n=2, CR=0<1 table consistent 
Table 37: Judgment matrix Cr11 Procedure cycle time NHPD4 
Cr12  NHPD41 NHPD42 Priority Vector 
NHPD41 1 1 0.5000 
NHPD42 1 1 0.5000 
λmax=2, n=2, CR=0<1 table consistent 
Table 38: Judgment matrix Cr12 weight on the roller NHPD4 
Cr13  NHPD41 NHPD42 Priority Vector 
NHPD41 1 3 0.7500 
NHPD42 1/3 1 0.2500 
λmax=2, n=2, CR=0<1 table consistent 
Table 39: Judgment matrix Cr13 Cost NHPD4 
  
Non working 
area
Non working 
area
Working area
Non working 
area
Non working 
area
Working area
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Cr14  NHPD41 NHPD42 Priority Vector 
NHPD41 1 3 0.7500 
NHPD42 1/3 1 0.2500 
λmax=2, n=2, CR=0<1 table consistent 
Table 40: Judgment matrix Cr14 Manufacturability NHPD4 
Cr15  NHPD41 NHPD42 Priority Vector 
NHPD41 1 2 0.6667 
NHPD42 1/2 1 0.3333 
λmax=2, n=2, CR=0<1 table consistent 
Table 41: Judgment matrix Cr15 Complexity NHPD4 
Cr16  NHPD41 NHPD42 Priority Vector 
NHPD41 1 1/2 0.3333 
NHPD42 2 1 0.6667 
λmax=2, n=2, CR=0<1 table consistent 
Table 42: Judgment matrix Cr16 standalonability NHPD4 
 Criteria  
 Cr11 Cr12 Cr13 Cr14 Cr15 Cr16 Final 
priority  Alt. 0.4057 0.0467 0.275 0.1237 0.0744 0.0744 
NHPD41 0.1667 0.5000 0.7500 0.7500 0.6667 0.3333 0.4644 
NHPD42 0.8333 0.5000 0.2500 0.2500 0.3333 0.6667 0.5354 
Table 43: Decision matrix NHPD4 
The AHP method revealed that the NHPD41 design is better than the NHPD41 with 
percentage 53.54%. 
3.1.2 Hybrid powder deposition mechanisms concept designs 
In this chapter some hybrid concept designs will be presented. These designs utilize, 
besides the roller, a doctor blade or a slot feeder. This hybrid designs are proposed for 
improving quality on the final product. In the non-hybrid designs the roller will compact an 
uneven layer of loose powder; therefore, the results will not be as desired. By adding either a 
slot feeder or a doctor blade the loose powder is first spread evenly by the slot feeder or the 
doctor blade and the roller will afterwards compact an even layer of loose powder. Therefore, 
these hybrid designs are more suitable for achieving a high quality surface. 
 Slot feeder deposition 
The slot feeder utilizes the forces of gravity and friction in order to deposit an even 
layer. One of the advantages of this method is that the powder is compacted with two 
methods, first the slot feeder and then the roller. The most important problem of design 
versions No1 and No2 is that it is difficult to stop the powder from flowing when necessary. 
The slot feeder of Design No.1, when returning to where it started from, passes over the 
compacted layer; therefore, it must not deposit loose powder. 
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# No. Concept design 
HPD11 
 
HPD12 
 
HPD13 
 
Table 44: Concept design for powder deposition using a slot feeder 
On the other hand, design No2 can deposit powder in both directions but the slot 
feeders have to work one at a time. Problems with both Designs No1 and No2 are solved in 
Design No3, in which there is one slot feeder but a second roller is added to enable 
compaction and deposition in both directions. Moreover, the mechanism that stops the flow is 
not needed. 
The evaluation of these concept designs is as follows. The criteria priority vectors are 
taken from Table 12. 
Cr11  HPD11 HPD12 HPD13 Priority Vector 
HPD11 1 1/6 1/6 0.0769 
HPD12 6 1 1 0.4615 
HPD13 6 1 1 0.4615 
λmax=3, n=3, CR=0<1 table consistent 
Table 45: Judgment matrix Cr11 Procedure cycle time HPD1 
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Cr12  HPD11 HPD12 HPD13 Priority Vector 
HPD11 1 5 1/4 0.2370 
HPD12 1/5 1 1/8 0.0643 
HPD13 4 8 1 0.6986 
λmax=3.0324, n=3, CR=0.0279<1 table consistent 
Table 46: Judgment matrix Cr12 weight on the roller HPD1 
Cr13  HPD11 HPD12 HPD13 Priority Vector 
HPD11 1 3 4 0.6250 
HPD12 1/3 1 2 0.2385 
HPD13 1/4 1/2 1 0.1365 
λmax=3.0037, n=3, CR=0.0032<1 table consistent 
Table 47: Judgment matrix Cr13 Cost HPD1 
Cr14  HPD11 HPD12 HPD13 Priority Vector 
HPD11 1 5 3 0.6370 
HPD12 1/5 1 1/3 0.1047 
HPD13 1/3 3 1 0.2583 
λmax=3.0385, n=3, CR=0.0332<1 table consistent 
Table 48: Judgment matrix Cr14 Manufacturability HPD1 
Cr15  HPD11 HPD12 HPD13 Priority Vector 
HPD11 1 6 4 0.7010 
HPD12 1/6 1 1/2 0.1061 
HPD13 1/4 2 1 0.1929 
λmax=3.0092, n=3, CR=0.0079<1 table consistent 
Table 49: Judgment matrix Cr15 Complexity HPD1 
Cr16  HPD11 HPD12 HPD13 Priority Vector 
HPD11 1 1/7 1 0.1111 
HPD12 7 1 7 0.7778 
HPD13 1 1/7 1 0.1111 
λmax=3, n=3, CR=0<1 table consistent 
Table 50: Judgment matrix Cr16 standalonability HPD1 
 Criteria  
 Cr11 Cr12 Cr13 Cr14 Cr15 Cr16 Final 
priority  Alt. 0.4057 0.0467 0.275 0.1237 0.0744 0.0744 
HPD11 0.0769 0.2370 0.6250 0.6370 0.7010 0.1111 0.3533 
HPD12 0.4615 0.0643 0.2385 0.1047 0.1061 0.7778 0.3345 
HPD13 0.4615 0.6986 0.1365 0.2583 0.1929 0.1111 0.3119 
Table 51: Decision matrix HPD1 
The best alternative among the tree of them is the HPD11 with marginally difference. 
 Custom made dosing mechanism with a doctor blade 
This set of concept designs utilizes a hybrid method for powder deposition and 
layering. Beside the roller there is also a doctor blade at one or both sides of the roller. The 
dosing mechanism will deposit a dose of loose powder in front of the doctor blade, which will 
dispense it evenly, and after that the roller will have to compact an even layer of powder, 
resulting in better surface quality. All the arguments that have been analyzed in chapter 
3.1.1.3 applies also to these designs, respectively. 
  
Page 43 of 95 
# No. Concept design 
HPD21 
 
HPD22 
 
HPD23 
 
Table 52: Custom dosing mechanism with doctor blade 
The evaluation of these concept designs is as follows. The criteria priority vectors are 
taken from Table 12. 
Cr11  HPD21 HPD22 HPD23 Priority Vector 
HPD21 1 1/6 1/6 0.0769 
HPD22 6 1 1 0.4615 
HPD23 6 1 1 0.4615 
λmax=3, n=3, CR=0<1 table consistent 
Table 53: Judgment matrix Cr11 Procedure cycle time HPD2 
Cr12  HPD21 HPD22 HPD23 Priority Vector 
HPD21 1 4 1/3 0.2628 
HPD22 1/4 1 1/7 0.0786 
HPD23 3 7 1 0.6586 
λmax=3.0324, n=3, CR=0.0279<1 table consistent 
Table 54: Judgment matrix Cr12 weight on the roller HPD2 
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Cr13  HPD21 HPD22 HPD23 Priority Vector 
HPD21 1 5 2 0.5816 
HPD22 1/5 1 1/3 0.1095 
HPD23 1/2 3 1 0.3090 
λmax=3.0037, n=3, CR=0.0032<1 table consistent 
Table 55: Judgment matrix Cr13 Cost HPD2 
Cr14  HPD21 HPD22 HPD23 Priority Vector 
HPD21 1 4 2 0.5714 
HPD22 1/4 1 1/2 0.1429 
HPD23 1/2 2 1 0.2857 
λmax=3.0385, n=3, CR=0.0332<1 table consistent 
Table 56: Judgment matrix Cr14 Manufacturability HPD2 
Cr15  HPD21 HPD22 HPD23 Priority Vector 
HPD21 1 6 3 0.6548 
HPD22 1/6 1 1/3 0.0953 
HPD23 1/3 3 1 0.2499 
λmax=3.0183, n=3, CR=0.0158<1 table consistent 
Table 57: Judgment matrix Cr15 Complexity HPD2 
Cr16  HPD21 HPD22 HPD23 Priority Vector 
HPD21 1 1/4 1/9 0.0633 
HPD22 4 1 1/5 0.1939 
HPD23 9 5 1 0.7429 
λmax=3, n=3, CR=0<1 table consistent 
Table 58: Judgment matrix Cr16 standalonability HPD2 
 Criteria  
 Cr11 Cr12 Cr13 Cr14 Cr15 Cr16 Final 
priority  Alt. 0.4057 0.0467 0.275 0.1237 0.0744 0.0744 
HPD21 0.0769 0.2628 0.5816 0.5714 0.6548 0.0633 0.3275 
HPD22 0.4615 0.0786 0.1095 0.1429 0.0953 0.1939 0.2602 
HPD23 0.4615 0.6586 0.3090 0.2857 0.2499 0.7429 0.4121 
Table 59: Decision matrix HPD2 
The best alternative among the tree of them is the HPD23 with marginally difference. 
 Powder deposition using a flat belt and a doctor blade 
This hybrid design utilizes besides the roller a doctor blade, for better results on the 
final surface as it was described earlier. All the principles that have been presented in chapter 
3.1.1.2 are applied also in these designs; therefore, no further discussion will be made here. 
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# No. Concept design 
HPD31 
 
HPD32 
 
Table 60: Flat belt mechanism 
Cr11  HPD31 HPD32 Priority Vector 
HPD31 1 1/5 0.1667 
HPD32 5 1 0.8333 
λmax=2, n=2, CR=0<1 table consistent 
Table 61: Judgment matrix Cr11 Procedure cycle time NHPD2 
Cr12  HPD31 HPD32 Priority Vector 
HPD31 1 3 0.7500 
HPD32 1/3 1 0.2500 
λmax=2, n=2, CR=0<1 table consistent 
Table 62: Judgment matrix Cr12 weight on the roller NHPD2 
Cr13  HPD31 HPD32 Priority Vector 
HPD31 1 2 0.6667 
HPD32 1/2 1 0.3333 
λmax=2, n=2, CR=0<1 table consistent 
Table 63: Judgment matrix Cr13 Cost NHPD2 
Cr14  HPD31 HPD32 Priority Vector 
HPD31 1 2 0.6667 
HPD32 1/2 1 0.3333 
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λmax=2, n=2, CR=0<1 table consistent 
Table 64: Judgment matrix Cr14 Manufacturability NHPD2 
Cr15  HPD31 HPD32 Priority Vector 
HPD31 1 4 0.8000 
HPD32 1/4 1 0.2000 
λmax=2, n=2, CR=0<1 table consistent 
Table 65: Judgment matrix Cr15 Complexity NHPD2 
Cr16  HPD31 HPD32 Priority Vector 
HPD31 1 1 0.5000 
HPD32 1 1 0.5000 
λmax=2, n=2, CR=0<1 table consistent 
Table 66: Judgment matrix Cr16 standalonability NHPD2 
 Criteria  
 Cr11 Cr12 Cr13 Cr14 Cr15 Cr16 Final 
priority  Alt. 0.4057 0.0467 0.275 0.1237 0.0744 0.0744 
HPD31 0.1667 0.7500 0.6667 0.6667 0.8000 0.5000 0.4615 
HPD32 0.8333 0.2500 0.3333 0.3333 0.2000 0.5000 0.5347 
Table 67: Decision matrix NHPD2 
The “local” optimal alterative based on the defined criteria is HPD32 with 53.47%. 
 Feed bin method with a doctor blade 
These designs come to improve the quality of the final surface quality by utilizing 
besides the roller a doctor blade. Every argument that was presented in section 3.1.1.4 also 
applies to these designs.  
# No. Concept design 
HPD41 
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HPD42 
 
Table 68: Hybrid method using feed bin and doctor blade 
Cr11  HPD41 HPD42 Priority Vector 
HPD41 1 1/5 0.1667 
HPD42 5 1 0.8333 
λmax=2, n=2, CR=0<1 table consistent 
Table 69: Judgment matrix Cr11 Procedure cycle time NHPD4 
Cr12  HPD41 HPD42 Priority Vector 
HPD41 1 1 0.5000 
HPD42 1 1 0.5000 
λmax=2, n=2, CR=0<1 table consistent 
Table 70: Judgment matrix Cr12 weight on the roller NHPD4 
Cr13  HPD41 HPD42 Priority Vector 
HPD41 1 3 0.7500 
HPD42 1/3 1 0.2500 
λmax=2, n=2, CR=0<1 table consistent 
Table 71: Judgment matrix Cr13 Cost NHPD4 
Cr14  HPD41 HPD42 Priority Vector 
HPD41 1 3 0.7500 
HPD42 1/3 1 0.2500 
λmax=2, n=2, CR=0<1 table consistent 
Table 72: Judgment matrix Cr14 Manufacturability NHPD4 
Cr15  HPD41 HPD42 Priority Vector 
HPD41 1 2 0.6667 
HPD42 1/2 1 0.3333 
λmax=2, n=2, CR=0<1 table consistent 
Table 73: Judgment matrix Cr15 Complexity NHPD4 
Cr16  HPD41 HPD42 Priority Vector 
HPD41 1 1/2 0.3333 
HPD42 2 1 0.6667 
λmax=2, n=2, CR=0<1 table consistent 
Table 74: Judgment matrix Cr16 standalonability NHPD4 
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 Criteria  
 Cr11 Cr12 Cr13 Cr14 Cr15 Cr16 Final 
priority  Alt. 0.4057 0.0467 0.275 0.1237 0.0744 0.0744 
HPD41 0.1667 0.5000 0.7500 0.7500 0.6667 0.3333 0.4644 
HPD42 0.8333 0.5000 0.2500 0.2500 0.3333 0.6667 0.5354 
Table 75: Decision matrix NHPD4 
The best alternative between the two of them is HPD42. In that stage the decision 
making using the first set of criteria has been completed. The derived best alternatives are the 
following: NHPD11, NHPD22, NHPD33, NHPD42, HPD11, HPD23, HPD32 and HPD42. 
These alternatives will be evaluated using the second set of criteria that has been defined in 
chapter 2.1.2 this evaluation will be presented in the next chapter (3.1.3). 
3.1.3 Final evaluation of the best derived concept designs 
As it was mentioned previously in this chapter the final decision will be made. 
The eight criteria Cr21 Cr22 Cr23 Cr24 Cr25 Cr26 Cr27 Cr28 Priority Vector 
Cr21 1 3 2 4 4 4 2 3 0.2808 
Cr22 1/3 1 1/2 2 2 2 1/2 1 0.1005 
Cr23 1/2 2 1 3 3 3 1 2 0.1740 
Cr24 1/4 1/2 1/3 1 1 1 1/3 1/2 0.0567 
Cr25 1/4 1/2 1/3 1 1 1 1/3 1/2 0.0567 
Cr26 1/4 1/2 1/3 1 1 1 1/3 1/2 0.0567 
Cr27 1/2 2 1 3 3 3 1 2 0.1740 
Cr28 1/3 1 1/2 2 2 2 1/2 1 0.1005 
λmax=8.0517, n=8, CR=0.0052<1 table consistent 
Table 76: Criteria judgment matrix (second set) 
Cr21  NHPD11 NHPD22 NHPD33 NHPD42 HPD11 HPD23 HPD32 HPD42 
Priority 
Vector 
NHPD11 1 1/2 1/2 1/2 1/5 1/8 1/6 1/7 0.0256 
NHPD22 2 1 1 1 1/4 1/7 1/5 1/6 0.0385 
NHPD33 2 1 1 1 1/4 1/7 1/5 1/6 0.0385 
NHPD42 2 1 1 1 1/4 1/7 1/5 1/6 0.0385 
HPD11 5 4 4 4 1 1/4 1/2 1/3 0.1159 
HPD23 8 7 7 7 4 1 3 2 0.3392 
HPD32 6 5 5 5 2 1/3 1 1/2 0.1655 
HPD42 7 6 6 6 3 1/2 2 1 0.2382 
λmax=8.1452, n=8, CR=0.0147<1 table consistent 
Table 77: Judgment matrix Cr21 Surface quality (final decision) 
Cr22  NHPD11 NHPD22 NHPD33 NHPD42 HPD11 HPD23 HPD32 HPD42 
Priority 
Vector 
NHPD11 1 2 1 2 1 1/3 1 1/2 0.1027 
NHPD22 1/2 1 1/2 1 1/2 1/4 1/2 1/3 0.0563 
NHPD33 1 2 1 2 1 1/3 1 1/2 0.1027 
NHPD42 1/2 1 1/2 1 1/2 1/4 1/2 1/3 0.0563 
HPD11 1 2 1 2 1 1/3 1 1/2 0.1027 
HPD23 3 4 3 4 3 1 3 2 0.2915 
HPD32 1 2 1 2 1 1/3 1 1/2 0.1027 
HPD42 2 3 2 3 2 1/2 2 1 0.1853 
λmax=8.0415, n=8, CR=0.0042<1 table consistent 
Table 78: Judgment matrix Cr22 Experimental interest (final decision) 
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Cr23  NHPD11 NHPD22 NHPD33 NHPD42 HPD11 HPD23 HPD32 HPD42 
Priority 
Vector 
NHPD11 1 1/2 1 2 1 2 2 3 0.1504 
NHPD22 2 1 2 3 2 3 3 4 0.2587 
NHPD33 1 1/2 1 2 1 2 2 3 0.1504 
NHPD42 1/2 1/3 1/2  1 1/2 1 1 2 0.0808 
HPD11 1 1/2  1 2 1 2 2 3 0.1504 
HPD23 1/2 1/3 1/2  1 1/2  1 1 2 0.0808 
HPD32 1/2 1/3 1/2  1 1/2  1 1 2 0.0808 
HPD42 1/3 1/4 1/3 1/2  1/3 1/2  1/2  1 0.0478 
λmax=8.0389, n=8, CR=0.0039<1 table consistent 
Table 79: Judgment matrix Cr23 Cost (final decision) 
Cr24  NHPD11 NHPD22 NHPD33 NHPD42 HPD11 HPD23 HPD32 HPD42 
Priority 
Vector 
NHPD11 1 1/2  1/4  1/3 1/5 1/3 1 1/3 0.0426 
NHPD22 2 1 1/3 1/2 1/4  1/2 2 1/2  0.0699 
NHPD33 4 3 1 2 1/2 2 4 2 0.1937 
NHPD42 3 2 1/2  1 1/3 1 1/3 1 0.0948 
HPD11 5 4 2 3 1 3 5 3 0.2930 
HPD23 3 2 1/2  1 1/3 1 3 1 0.1171 
HPD32 1 1/2  1/4  3 1/5 1/3 1 1/3 0.0720 
HPD42 3 2 1/2  1 1/3 1 3 1 0.1171 
λmax=8.6000, n=8, CR=0.0608<1 table consistent 
Table 80: Judgment matrix Cr24 Manufacturability (final decision) 
Cr25  NHPD11 NHPD22 NHPD33 NHPD42 HPD11 HPD23 HPD32 HPD42 
Priority 
Vector 
NHPD11 1 1 1/6 1/4  1/5 1/5 1 1/3 0.0361 
NHPD22 1 1 1/6 1/4  1/5 1/5 1 1/3 0.0361 
NHPD33 6 6 1 3 2 2 6 4 0.2978 
NHPD42 4 4 1/3 1 1/2 1/2 4 2 0.1247 
HPD11 5 5 1/2 2 1 1 5 3 0.1933 
HPD23 5 5 1/2 2 1 1 5 3 0.1933 
HPD32 1 1 1/6 1/4 1/5 1/5 1 1/3 0.0361 
HPD42 3 3 1/4 1/2 1/3 1/3 3 1 0.0827 
λmax=8.1444, n=8, CR=0.0146<1 table consistent 
Table 81: Judgment matrix Cr25 Complexity (final decision) 
Cr26  NHPD11 NHPD22 NHPD33 NHPD42 HPD11 HPD23 HPD32 HPD42 
Priority 
Vector 
NHPD11 1 1 1/5 1/2 2 1/4 2 1 0.0689 
NHPD22 1 1 1/5 1/2 2 1/4 2 1 0.0689 
NHPD33 5 5 1 4 6 2 6 5 0.3486 
NHPD42 2 2 1/4 1 3 1/3 3 2 0.1162 
HPD11 1/2 1/2 1/6 1/3 1 1/5 1 1/2 0.0408 
HPD23 4 4 1/2 3 5 1 5 4 0.2469 
HPD32 1/2 1/2 1/6 1/3 1 1/5 1 1/2 0.0408 
HPD42 1 1 1/5 1/2 2 1/4 2 1 0.0689 
λmax=8.1192, n=8, CR=0.0121<1 table consistent 
Table 82: Judgment matrix Cr26 adaptability (final decision) 
Cr27  NHPD11 NHPD22 NHPD33 NHPD42 HPD11 HPD23 HPD32 HPD42 
Priority 
Vector 
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NHPD11 1 1 1/6 1/2 1 1/6 1 1/2 0.0469 
NHPD22 1 1 1/6 1/2 1 1/6 1 1/2 0.0469 
NHPD33 6 6 1 5 6 1 6 5 0.3229 
NHPD42 2 2 1/5 1 2 1/5 2 1 0.0832 
HPD11 1 1 1/6 1/2 1 1/6 1 1/2 0.0469 
HPD23 6 6 1 5 6 1 6 5 0.3229 
HPD32 1 1 1/6 1/2 1 1/6 1 1/2 0.0469 
HPD42 2 2 1/5 1 2 1/5 2 1 0.0832 
λmax=8.0656, n=8, CR=0.0066<1 table consistent 
Table 83: Judgment matrix Cr27 geometry constrains (final decision) 
Cr28  NHPD11 NHPD22 NHPD33 NHPD42 HPD11 HPD23 HPD32 HPD42 
Priority 
Vector 
NHPD11 1 1 1/7 1/7 1 1/7 1 1/7 0.0312 
NHPD22 1 1 1/7 1/7 1 1/7 1 1/7 0.0313 
NHPD33 7 7 1 1 7 1 7 1 0.2188 
NHPD42 7 7 1 1 7 1 7 1 0.2188 
HPD11 1 1 1/7 1/7 1 1/7 1 1/7 0.0312 
HPD23 7 7 1 1 7 1 7 1 0.2188 
HPD32 1 1 1/7 1/7 1 1/7 1 1/7 0.0312 
HPD42 7 7 1 1 7 1 7 1 0.2188 
λmax=8, n=8, CR=0<1 table consistent 
Table 84: Judgment matrix Cr28 standalonability (final decision) 
 Criteria    
 Cr21 Cr22 Cr23 Cr24 Cr25 Cr26 Cr27 Cr28 Final 
priority  Alt. 0.2808 0.1005 0.174 0.0567 0.0567 0.0567 0.174 0.1005 
NHPD11 0.0256 0.1027 0.1504 0.0426 0.0361 0.0689 0.0469 0.0312 0.0633 
NHPD22 0.0385 0.0563 0.2587 0.0699 0.0361 0.0689 0.0469 0.0313 0.0827 
NHPD33 0.0385 0.1027 0.1504 0.1937 0.2978 0.3486 0.3229 0.2188 0.1731 
NHPD42 0.0385 0.0563 0.0808 0.0948 0.1247 0.1162 0.0832 0.2188 0.0860 
HPD11 0.1159 0.1027 0.1504 0.2930 0.1933 0.0408 0.0469 0.0312 0.1102 
HPD23 0.3392 0.2915 0.0808 0.1171 0.1933 0.2469 0.3229 0.2188 0.2483 
HPD32 0.1655 0.1027 0.0808 0.0720 0.0361 0.0408 0.0469 0.0312 0.0905 
HPD42 0.2382 0.1853 0.0478 0.1171 0.0827 0.0689 0.0832 0.2188 0.1455 
Table 85: Final Decision matrix 
Based on the table above the “global” best solution is alternative HPD23, which is the 
custom made doser at stationary position and the roller with doctor blade. Figure 25 depicts 
the concept design of that particular alternative. 
 
Figure 25: Best alternative (HPD23) 
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The following figure (Figure 26) illustrates the ranking of the alternative concept 
designs based on the final priority. The selected alternative percentage in well above the 
others 24.84% and following the NHPD33 with 17.31%. The third alternative design is 
HPD42 with 14.55%. The rest of the alternatives are below 12%. 
 
Figure 26: Final priority vs. alternative designs 
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3.2 New and used powder mixing mechanism 
This mechanism will be responsible for the mixing of new and used powder. The 
device will consist of two powder tanks, one with new powder and one with used powder. At 
the bottom of each powder container there will be a large dosing mechanism in order to 
achieve different powder mixing ratios. This dosing mechanism is similar with the 
mechanism described in previous chapters (chapters 3.1.1.3 and 3.1.2.2), but there are some 
differences, especially concerning its dimensions. In particular, these dosing mechanisms will 
have to deal with mixing powder for entire printed parts. 
# No. Concept design 
1 
 
2 
 
Table 86: Powder mixing mechanisms concept designs 
The difference between the two designs is on the mechanism that actually blends the 
two types of powder together. Design No1 will use air jet from the bottom in order to blend 
the mixture of the two powders. In design No.2 the powder is dropped in a rotating cylinder, 
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this rotation achieving the powder mixing. Not many variants have been studied because this 
mechanism is of lower importance in comparison with powder spreading mechanism. 
3.3 Powder recycling mechanism 
This mechanism will recycle the used powder, conveying the excess powder of each 
layer from the working area of the machine to the used powder container. One or two slots are 
needed at the ends of the working area where the roller will drop all the excess powder. The 
powder accumulated in these slots can be either manually or automatically transported to the 
used powder container. The mechanism will also contain a flexible tube under vacuum in 
order to clean the working area and reveal the part. This vacuum system can be also 
connected to the slots, for automated powder collection. There is no need for the 
manufacturing of such system because there are available machines at the market with low 
cost and high performance and also such a machine is rather complex. This is due to the fact 
that the dimensions of the particles of the powder. The diameter of the powder particle is 
1μm. Therefore, the process need special filters and mechanisms in order for the filter not to 
be clogged and the motor not to be overheated if the filter is clogged. The vacuum machine 
must be able to collect ultra-fine powder, which means that the filter will be able to filter 
particles of 0.1μm and lower. This is one order of magnitude below the size of the powders 
that are going to be used (1μm).  
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4 Design and manufacturing of powder management 
mechanism  
Based on the AHP method the best alternative concept design is alternative HPD23, 
which is the custom made doser at stationary position at both ends of the machine and the 
roller with doctor blade. After a more detailed elaboration of the best concept design a few 
changes have been made in order to improve space and cost efficiency, as follows: there is 
only one stationary powder doser instead of two; in addition, on top of the roller a mechanism 
will be placed with two separate powder dosers capable of storing only one powder dose. 
These dosers will be made out of 90-degree aluminum profile which will be used also as 
doctor blade. 
The design of the powder deposition mechanism has to satisfy two crucial 
parameters: 
 The volume of the powder box should be equal or greater than the working 
volume. 
 The powder doser should be capable of providing each time powder for the 
thinnest layer (in this case 20μm) 
The following picture (Figure 27) illustrates the complete mechanism. Marked with 
turquoise colour are the one dose powder dosers which can be used as doctor blades as well. 
The complete analysis of the design of the mechanism follows. 
 
Figure 27: Powder deposition mechanism  
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4.1 Design of the powder doser 
This sub chapter describes how the powder doser was designed. The drawing in 
Figure 28 depicts the isoperimetric view of the powder doser. The analysis of how each part 
of this mechanism was designed follows. 
 
Figure 28: Isometric view for the assembled powder container 
As it was mentioned before the mechanism must have a volume equal to or greater 
than the working area volume (WAV). The latter is 285x285x140=0.01138 m3. The design of 
the powder box will be made based on that figure multiplied by a safety factor in order to 
make sure that the powder will be sufficient. The side view of the powder container is shown 
in Figure 29. The area of the side view is 0.057m2 . Having these two parameters the depth of 
the powder container (DPC) can be calculated as: 
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𝐷𝑃𝐶 =
0.01138
0.057 − (0.06 ∗ 0.037)
= 207.7𝑚𝑚 
 
Figure 29: Side view of the powder container 
Therefore, the minimum depth of the powder container is 207.7mm. The depth of the 
container will be 300mm, which means that the powder container will be able to handle 
0.01643m3, which is 1.44 times greater than the volume of the working area. The design of 
the profile of the container was chosen to be as in Figure 29 because of the following reasons. 
First, the angle of the container had to be as large as possible in order for the powder to flow 
freely towards the rotating drum. Only the one side is angled, as drawing on Figure 29, this is 
due to lack of space and the vertical side will certainly feed constantly the doser with powder 
regardless the level of the powder in the container. The rest of the dimensions was selected in 
order for the container to be as small as possible. In Figure 30 the other side view of the 
container is illustrated The only difference from the first side view is that the middle of the 
Page 57 of 95 
part is intended to accommodate a glass in order to enable visualization of the level of the 
powder. 
 
Figure 30: Second Side view of the powder container 
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Figure 31: Bended side of the powder container 
 
Figure 32: Straight side of the powder container 
Page 59 of 95 
The container also includes 30mmx30mm aluminum corners which connect the sides 
together. Additionally, the doser drum will be supported by ball bearings which, in turn, will 
be supported by the bearing holder that is depicted in Figure 33. Another issue that had to be 
considered is the sealant of the doser drum in order to block powder leaking when this is not 
required. For that reason the sides of the doser drum will be sealed by the part in Figure 34. 
The sides of the doser drum are inserted into the flange and in that way the powder cannot 
escape from the sides. 
 
Figure 33: Doser drum bearing holder 
 
Figure 34: Doser drum side sealant 
The doser drum consists of three parts, i.e. the main body with a slot for the storage 
of the powder and two parts at the ends of the main body. The geometry of the doser drum is 
shown in Figure 35. At top and at the bottom of the drum there are two slots which are 
responsible for the storage of the powder. The dimensions of these slots were calculated based 
on the minimum powder layer. , i.e. 20μm, therefore, each slot of the drum has to be able to 
store powder forat least one 20μm layer.  
𝐿𝑎𝑦𝑒𝑟 𝑣𝑜𝑙𝑢𝑚𝑒𝑚𝑖𝑛 = 0.02 ∗ 285 ∗ 285 = 1624.5 𝑚𝑚
3  
 
 
Figure 35: Doser drum 
Furthermore, it has to be considered that the powder in the container and in the drum 
is not compressed and for that reason the slots on the drum have allow for more than one 
layer depending on the level of the compaction that is required. The drum will be made out of 
plastic in order to be easy and cheap to replace. Furthermore, a calibration of the mechanism 
will be performed in order to achieve optimal results, as explained in the following chapters. 
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The two other parts of the drum assembly (Figure 36) will be held by the ball 
bearings that will be in the bearing holders described before. At one of the two sides a pulley 
will be put in order for the step motor to be able to rotate the drum.  
 
Figure 36: Doser drum shafts 
In order for the controller to know the position of the doser drum the part shown in 
Figure 37 was designed. There is no need for the controller of the drum to know the position 
of the drum at any time. There is only the need to know when each slot is at a certain position 
(powder dropping position). Therefore, a 2 pulse per revolution encoder has been made. The 
high peaks of the part will be aligned with the two slots of the doser drum in order to indicate 
when powder was dropped. 
 
Figure 37: 2 pulse per revolution encoder 
The final part of this mechanism seals the doser drum from the powder container. 
This component is crucial because otherwise there would be powder leaks from the bottom of 
the powder container. The part has been made out of plastic in order to be easy to be 
machined. The following drawings illustrate an isometric view of the component as well as 
front and side views. 
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Figure 38: Isometric view of the powder box sealant 
The inside surface of the sealant component is cylindrical, with a diameter larger than 
that of the doser drum by 0.1mm in order to allow the drum to freely rotate. At the bottom 
there is a through slot for the powder to drop. 
 
Figure 39: Front and side views of the powder box sealant 
 
4.2 Design of the two roller dosers and doctor blades  
In this section the mechanism that will be placed on top of the roller is presented. 
This mechanism will have two separate dosers that will be filled with powder from the 
powder doser described in the previous chapter (chapter 4.1). Each doser will be filled with 
one-layer powder dose and will drop it accordingly with the use of step motors and timing 
pulleys. The isometric drawing of the abovementioned mechanism is shown in Figure 40. 
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Figure 40: Dosers and doctor blades on top of the roller 
This mechanism has two purposes, first it has the two dosers which hold one powder 
dowse each and dispense it when need and second the actual dosers can be used as doctor 
blades. This is possible because the dosers are made by an aluminum 90 degree corner profile 
(Figure 41) and can be rotated freely, because it sits on bearings. The step motor rotates the 
mechanism at the right angle as the operator requires. Furthermore, the mechanism is 
designed to allow height calibration of the roller doser (Figure 41) through a set of screws and 
rails on which the mechanism is moving, see Figure 42. 
 
Figure 41: Roller doser 
Furthermore, in Figure 42 the step motors can be seen as well, which are located at 
the two sides of the mechanism. 
 
Figure 42: Side view roller doser assembly 
The drawing of the base of the abovementioned mechanism is shown in Figure 44 
and Figure 43. On top of the part there are four throughout holes 6mm in diameter that are 
used to hold the rails that uses the moving part of the mechanism to move. Besides, there are 
two sets of holes between each set of 6mm holes that are used for the height calibration of the 
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mechanism with the use of screws. The two holes that are in the middle of the part are 
intended for the mounting this part on top of the roller. 
 
Figure 43: Front view of the base of the mechanism 
 
Figure 44: Isometric view of the base of the mechanism 
Figure 45 illustrates one of the two moving bases that holds the 90 degree aluminum 
profile and also rotates it with the step motor. This part can be moved linearly on the rails that 
are fixed on the abovementioned part. The 11mm pocket holds the bearing that rotates the 
doser. On the other side of the mechanism parts with identical dimensions are placed without 
the geometry for holding the step motor. 
 
Figure 45: Moving base of the roller doser 
Finally, an eight pulse per revolution encoder has been made. The encoder will send a 
signal to the controller regarding the position of the doser. Figure 46 depicts the design of the 
encoder cam. 
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Figure 46: 8 pulses per revolution encoder cam 
4.3 Powder deposition process 
In this section the process of powder deposition will be described following Figure 
47. The process starts by checking if there is a need for a new layer or not. Next the two roller 
dosers have to be filled with powder one at a time from the powder doser. When both roller 
dosers are filled with powder one of them drops the powder to the working area and the roller 
levels the powder. At that point there is the option to use the doctor knife. The same 
procedure repeats from the other side. The entire process repeats again until the required 
number of layers are deposited. 
 
Figure 47: Powder layering process flowchart 
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4.4 Working area side sealant 
Besides the mechanism that is responsible for the powder deposition there is the need 
for a structure that seals the working area to prevent powder leaking. The SLS machine would 
be impossible to work without a structure like that because the powder would be free to drop 
from the sides. This structure is composed from four components which are identical in pairs. 
Figure 48 depicts the abovementioned structure. The top of the structure is formed so as to fit 
to the machine table. On the two sides there are four holes which are used for the screwing of 
the entire structure to the machine’s table via the component illustrated in Figure 49.  
 
Figure 48: Working area sealant 
 
 
Figure 49: Working area sealant locking component 
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The drawings of the two sides of the sealant structure are illustrated in Figure 51 and 
Figure 52 and that of the table plate is shown in Figure 50. At this point it has to be mentioned 
that both the working area plate and the machine table had already been made and had 
specific dimensions. Both the working area and the hole in the machine table had dimension 
285mmx285mm and at the corners fillet with radius 10mm. In order for the side sealant 
components to fit without reducing the side of the working area, the table plate had to be 
machined to the dimensions shown in Figure 50. 
 
Figure 50: Machine table plate 
 
Figure 51: Working area sealant side 1 
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As it was previously mentioned the working area plate has dimensions 
285mmx285mm, but the area created by the four assembled side sealants is 290.5mm. This is 
due to the fact that around the working area plate a brush will be placed (Figure 53) which 
will seal the gap between the sides and the plate. The brush has a width of 3.5mm when 
uncompressed and 1.9mm when fully compressed, therefore a gap of 2.75mm has been given 
to each side in order for the brush to fit and to be pre-tensioned for better sealing operation. 
 
Figure 52: Working area sealant side 2 
 
 
Figure 53: Brush  
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The isometric view of the assembled working area sealant mounted on the machine 
table plate is shown in Figure 54. The four holes of the table plate which are near the working 
area are used for the four locking components which hold the sealant structure to the table 
plate. Furthermore, the inside surface has to be uniform in order for the working plate to 
move on a single surface. For that reason, the side sealant components have a 10mm step 
(because the table plate has a thickness of 10mm) in order for the top surface of the working 
area sealant and the table plate to be at the same level. This will allow the roller and the 
doctor blade to pass above the table without unobstructed and at the same time the interior 
surface of the working area sealant would be uniform. 
 
Figure 54: Assembled working area sealant 
4.5 Actual parts & Manufacturing process 
In this section the actual parts will be illustrated and the means that were used for 
manufacturing of these parts will be explained. First the design of each individual part was 
performed using a CAD software (CATIA V5). The next step was to assemble all the parts 
together and attach all the assembled new components to the CAD model of the already 
available machine. Then a few design modifications have been made in order for the new part 
to fit perfectly. After that the CAM g-codes have been produced utilizing the CAM 
application of CATIA and using the Haas CNC TL-1 lathe and TM-1 milling machine the 
following components have been made. 
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The powder container is illustrated in Figure 55, showing four sides assembled 
together using a 90-degree aluminum profile. The material used for all the parts is series 2000 
aluminum except for a few exceptions such as the transparent part on the picture below which 
is made out of Plexiglass and some others that will be depicted later. 
 
Figure 55: Powder container 
In Figure 56 and Figure 57 the shafts of the doser drum are shown. The one on the left (Figure 
56) has a uniform shaft because on that shaft the encoder will be placed. On the right (Figure 
57) the shaft is not uniform, having a diameter of 10mm where the bearing will be placed and 
8mm where the pulley will be. For manufacturing of these particular parts both the lathe and 
the milling machine were used. 
 
Figure 56: Doser drum shaft encoder 
side 
 
Figure 57: Doser drum shaft pulley side 
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The doser drum side sealant is shown in Figure 58 and the base that holds the ball 
bearing on which the doser drum shafts rotates is shown in Figure 59. Each one of the parts 
below has been manufactured twice one for each side. 
 
Figure 58: Doser drum side sealant 
 
Figure 59: Ball bearing base for doser drum 
shaft 
Figure 60 depicts the 2 pulse per revolution encoder. The encoder consists of a cam 
and a limit switch. The cam is designed in a way that the limit switch is always in contact 
with the cam and is activated in the high spots of the cam. 
 
Figure 60: Doser drum encoder 
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The last two parts of the powder doser assembly are the doser drum sealant (Figure 
61 and Figure 62) and the doser drum (Figure 63). These parts were made out of plastic. Note 
that the diameter of the doser drum is 0.1 mm smaller than the inner diameter of the sealant in 
order to reduce friction forces and allow the doser drum to rotate easier.  
 
Figure 61: Doser drum sealant (bottom view) 
 
Figure 62: Doser drum sealant (top view) 
 
Figure 63: Doser drum 
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In Figure 64 and Figure 65 the powder doser is illustrated from two viewpoints. The 
position of the powder box is adjustable both vertically and horizontally, in order to be placed 
at the optimum spot for the process. 
 
Figure 64: Powder doser assembled attached to the machine 
 
Figure 65: Front view of the powder doser 
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In the following figures the parts made for the roller doser assembly are depicted. 
Figure 66 illustrates one of the two side bases. This particular side will host the rotary 
encoders in order for the controller of the step motors to know in what position the doser is. 
The encoder consists of an eight stop cam and a limit switch. The base of this side was not 
initially designed to host the encoders. Therefore, some extensions had to be made in order 
for the limit switches to be mounted on. These extensions and the encoder assembly can be 
seen in Figure 67. 
  
Figure 66: Roller doser base side 1 (encoder side) 
 
Figure 67: Rotary encoder Roller doser 
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The other side of the roller doser assembly can be seen in Figure 68. This side will 
host the step motors that are responsible for the rotation of each doser. The step motor is 
mounted on the moving part of the assembly and it is screwed on the two holes on the left. 
The motor shaft passes through the hole between the two mounting holes. Because the motor 
shaft is short an extension of the shaft had to be made, see Figure 69. This component has 
been made out of common steel. 
 
Figure 68: Roller doser base side 2 (step motor side) 
 
  
Figure 69: Step motor shaft extender 
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Next, Figure 70 depicts the roller doser with the side shafts. This part is composed 
from a 90-degree aluminum corner profile with two side shafts made out of steel. 
  
Figure 70: Roller doser with side shafts 
All the above mentioned components regarding the roller doser can be seen 
assembled in the Figure 71.  
 
Figure 71: Roller doser assembly without the encoder 
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The pictures below depict the step motor side of roller doser mounted on the roller. 
Note the power transmission from the motor to the doser. The step motor timing pulley is 
mounted on the shaft extension (Figure 69) described before.  
 
Figure 72: Roller doser step motor side base with step motors 
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In addition to the three rotary encoders that have been made, one for the doser drum 
and two for the two roller dosers, a linear encoder has been made (Figure 73). This linear 
encoder will be used by the controller of the machine in order to know where the roller has to 
stop in order for the roller doser to drop the powder. This encoder will provide two pulses 
along the length of the rail. 
 
Figure 73: Linear encoder 
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The following pictures (Figure 74, Figure 75, Figure 76 and Figure 77) depict the 
actual parts made for the working area container. These parts have been made out of 
transparent plexiglass. Figure 75 shows the locking parts that restrain the powder container on 
the machine table plate. Finally, in Figure 77 the brush on the side of the working area plate 
can be seen. 
 
Figure 74: Working area powder container top view 
 
Figure 75: Working area powder container side view with locking parts 
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Figure 76: Working area powder container side view 
 
Figure 77: Working plate side brush 
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4.6 Electronics of the powder management system 
Besides the mechanical part of the powder dowsing system, which was described in 
the previous chapters, there is the electronics part, which is equally important. The electronic 
system for the control of the doser drum and the two roller dosers is rather simple. As 
mentioned in chapters 4.1 and 4.2 three step motors will be used for the rotational movements 
of the dosers. These step motors will be controlled by an open source controller (Arduino). 
The schematic diagram of the circuit created for that cause is shown in Figure 78. There are 
two types of step motor used, namely one Stepper Motor 42BYGHW804 - 4.8kg-cm for the 
rotation of the doser drum and two Stepper Motor 28BYJ-48 0.35kgcm for the rotation of the 
two roller dosers. The step motors are driven by A4988 Stepper Motor Driver. 
 
Figure 78: Schematic diagram - Step motor control 
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Figure 79 depicts the actual circuit of the step motor control system. In the Appendix 
the code that was created can be found. 
 
Figure 79: Actual circuit 
Figure 80 illustrates the circuit of the limit switches described in the previous 
sections. The first two switches are connected in series in order to use as little Arduino pins as 
possible. These switches will be used to the two encoders of the roller doser. Therefore, one 
pin will be used for the control of the two roller dosers. The other two switches are for the 
doser drum and the linear encoder. 
 
Figure 80: Limit switch circuit  
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5 Assembly and testing 
5.1 Manufacturing and assembly considerations 
The manufacturing and the assembly process were performed with high level of 
accuracy achieving a general manufacturing tolerance of 10 μm. When the assembly of the 
powder deposition mechanism was finished the electronics were attached to the mechanical 
part and the program was loaded to the controller. After a few programing modifications the 
mechanical part was working in complete harmony with the electronics part. The first tests of 
the assembly were performed without powder. Further to that the working area sealant was 
assembled without any problem. The four parts fitted each other with high level of accuracy 
as well. The brush at the side of the working area plate was sealing the bottom of the working 
area perfectly. Nevertheless, there was a slight deviation from the design in both the one side 
of the sealant and the table plate of the machine. This deviation was caused because the raw 
material, in this case the plexiglass, had a width of 23 mm instead 25 mm. This deviation was 
noticed after the part had been made. Therefore, the part was 2mm less in width and if the 
plate was machined to the initial dimensions there would be a gap of 2mm, which would lead 
to powder leak. For that reason, the table plate was machined at that side 2mm less that the 
others.  
5.2 Initial testing 
The testing of the powder deposition mechanism with powder was successful. The 
powder that was used was partly used plastic powder from commercially available 3D 
printers by Stratasys. The powder was dropping from the doser drum evenly and the same 
amount each time to the roller doser. The roller dosers were dropping the powder at the exact 
place that they supposed. The two different electronics systems (one for the control of the 
powder deposition mechanism and the control of the rest of the machine) were functioning 
perfectly together. The only problems that came up were that (a) the doser drum may need a 
more powerful motor and (b) all the stepper motors were too noisy and with a lot of vibration. 
Also the stepper motors which were used for moving and rotating the roller were not working 
properly, due to their low-cost drivers. Their operation was sometimes discontinuing, which 
caused lower quality of powder layer and slower cycle time. Furthermore, there was no leak 
at all at the bottom of the working table, which means that the brush around the working plate 
was working properly. 
 
Figure 81: Powder dropping to the roller doser 
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Figure 82: Final parts assembled with powder 
The following actions that must be done before the mechanical calibration have been 
identified: 
 The roller assembly is not moving completely linearly. The assembly sits on two linear 
bearings, one on each side. When the lead screw rotates in order to move the roller 
assembly the roller is not perpendicular to the movement. This sometimes blocks the 
movement of the roller. The solution is either to add a second bearing per side or to 
replace by longer linear bearings. 
 The roller drum has numerous scratches and it is not completely smooth. Based on the 
fact that the quality of the deposited layer is dependent on the surface quality of the roller 
drum this action is critical. The simplest solution is to grind the roller drum until it is 
smooth or to make a new one. 
 The roller drum is assembled currently at a fixed height. It would be easier for the 
mechanical calibration if the roller drum height could be adjusted. Thus, a few changes 
on the design of the roller assembly must be done. This action it is not necessary for the 
machine mechanical calibration.  
 The linear bearings on which the working table rolling must be in pairs on each rail and 
not one on each rail. 
 The mechanism that moves the working table up and down has a significant amount of 
backlash. This is critical for the accuracy of the layer thickens. 
Mechanical calibration of the machine is needed last. This involves checking and adjusting 
the height of each one of the linear axes and the roller axis, within the specifications of each 
linear bearing. Especially for the roller, the two rails must have certain height tolerance if not 
perfectly leveled in order to work correctly. 
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5.3 Calibration Plan of the machine 
In this chapter a calibration plan of the machine will be presented. This calibration 
plan will utilize the statistical design of experiments technique described in Chapter 2.2. 
Furthermore, in the context of the current work only the calibration plan will be depicted and 
not the actual calibration, because there are number of actions that have to be taken before 
proceeding to machine calibration, as will be analyzed in chapter 6.3. This calibration is 
necessary to optimize the process parameters in order to achieve the best surface quality and 
accuracy of the dimensions of the part. Furthermore, if productivity of the machine is an 
aspect of interest, time has to be one of the quality factors as well. This procedure has to be 
done for every new powder material that is to be processed, because different materials have 
different processing parameters. The calibration parameters are as follows: 
 Feed rate (the speed at which the laser head is moving to sinter the powder) 
 Laser power (how much power the laser beam has) 
 Level of compaction (the difference between the thickness of a new layer before and 
after compaction) 
 Layer thickness (the thickness of a new layer after compaction) 
 Type of compaction (by roller rotating clock wise or counter clockwise, doctor blade 
being used or not) 
Each of these factors has different impact on the output, therefore, the values range 
have to be as broad as possible in order to achieve the optimum machine calibration. On the 
other hand, the more levels each factor has, the more experiments are required for the 
calibration. Due to the previous reasons each factor is selected to have 4 levels. Based on that 
and on chapter 2.2 the degrees of freedom are calculated as DF=15. Therefore, the orthogonal 
array must have at least 15 rows. For that reason L16’ array is selected (Table 87). 
Exp. 
No. 
1 2 3 4 5 
1 1 1 1 1 1 
2 1 2 2 2 2 
3 1 3 3 3 3 
4 1 4 4 4 4 
5 2 1 2 3 4 
6 2 2 1 4 3 
7 2 3 4 1 2 
8 2 4 3 2 1 
9 3 1 1 4 2 
10 3 2 2 3 1 
11 3 3 3 2 4 
12 3 4 4 1 3 
13 4 1 1 2 3 
14 4 2 2 1 4 
15 4 3 3 4 1 
16 4 4 4 3 2 
Table 87: L16’ orthogonal array 
The next step is to define the values of each level factor. There is no specific 
technique to define the level factors. Most of the times this is performed empirically, and as a 
results of other experiments. The level factors must be chosen wisely in order for the result to 
be acceptable and correct. At this calibration plan the parameters interactions will not be 
investigated, because this requires experience on the SLS machine. If after the experiment 
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further investigation of the parameters is required, the interactions of the various parameters 
have to be considered. When the experiments are conducted the ANOM and ANOVA 
diagrams can be formed and the influence of each factor to the observed value can be 
analyzed. 
Based on the results from the ANOM and ANOVA analysis the optimum set of 
values for the selected parameters are revealed. If the interactions of some of the parameters 
are required to be found a new set of experiments have to be designed and conducted. Since 
the optimum value for each parameter has been found the new sets of experiments may not 
have 4 level factors but 3 or even two level factors. This will allow to perform a finer 
parameter calibration around the optimum value and at the same time will reduce the degrees 
of freedom leaving available for the study of the parameter interaction. Further to that, the 
ANOM and ANOVA analysis may yield that some factors do not influence significantly the 
result and for that reason in the new set of experiments they will not be used. 
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6 Conclusions 
6.1 Design 
The design of the mechanism was done in two phases, the preliminary and the 
detailed design phase. During the preliminary design phase numerous designs were 
conceptualized; due to the large number of alternative designs a concrete method was needed 
in order to evaluate and select the most suitable design. For that reason, Analytic Hierarchy 
Process (AHP) was used. This method utilizes custom defined criteria for the evaluation of 
the alternative designs. The method was rather simple to use, but the difficulty was to assign 
objectively the values of relative importance to each design and not get biased from 
subjective factors. The result obtained from the AHP method was the design that suits the 
most the current application. Without the AHP method or another analogous method the 
systematic and objective evaluation of the concept designs would be impossible and probably 
would mislead the development of the mechanism. Note that another designer with a different 
set of criteria or even the same may come up with a different result; this may be considered as 
a small disadvantage of that method, but if the designer is not biased by his/her preferences it 
can prove to be quite objective.  
The next phase was the detailed design of the mechanism, during which beside the 
functionality and efficiency of the powder depositing mechanism the manufacturability was 
taken into consideration right from the beginning. This was done in order to design parts that 
are both effective and easy to make and required numerous changes of the initial design to 
improve manufacturability on the particular equipment that was available in the lab. Although 
the AHP method revealed that the best design was the one with two stationary dosers on the 
two sides of the working area the final design was slightly different due to the aforementioned 
reasons (functionality, effectiveness and manufacturability). Instead of two stationary dosers 
at the two sides of the working area one larger doser was placed on one side leaving available 
space on the other side for accessing the working area. Finally, the two doctor blades on the 
two sides of the roller were integrated in the one dose doser. 
6.2 Implementation 
The final assembly revealed that the detailed design was correct because the powder 
deposition mechanism was performing very well. The doser drum was spreading the powder 
evenly and at the same volume each time to the roller doser. Also the electronics were 
operating very well both alone and with the preinstalled electronic system. Although the 
testing of the mechanism was a success some faults on the design and the quality of some 
components were noticed. 
The mechanism that was designed for the height adjustment of the two roller dosers 
(and the doctor blade) was not as easy to use as it was supposed to be, therefore, a redesign of 
that mechanism is required in order to achieve perfect leveling of the doctor blade. Since in 
the context of the current work the roller doser will not be used as doctor blade there was no 
need for re-designing the mechanism. In addition, if the powder container was redesigned the 
bended parts will be avoided due to accuracy loss. 
As far as the electronics were concerned, the step moto drivers were not of high 
quality and their performance was mediocre. This is translated to mechanical vibration of the 
step motors which may lead to undesirable side effects, such as powder layer distortion. 
Therefore, it is wise to replace them by drivers of higher quality.  
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Finally, the speed of the system is lower than expected. More specifically, the doser 
drum and the roller dosers were rotating slowly and that was delaying the powder deposition 
process. This can be fixed by replacing the low quality motor drives and by optimizing the 
code that the controller of the powder system is running. 
6.3 Future work 
Actions independent of the mechanical calibration are needed as follows: 
 Replacement of the lead screw that moves the roller assembly with a timing pulley. This 
will increase the speed that the roller assembly moves and the powder deposition will be 
performed faster.  
 More efficient integration and optimization of all the different electronics systems must 
be done. Furthermore, the step motor drivers should be replaced by higher quality 
drivers. 
 Sealing of the machine area is necessary if this is to work with an inactive gas such as 
nitrox or helium. A ventilation system is required in order for the fumes to be taken out. 
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Appendix – Arduino code 
int drumSpeed=4000;   // set 5000 microseconds for delay this 
controls the time between steps  
int rollerDoserSpeed=6000; 
 
//variables for doser drum counter 
int buttonPushCounter1 = 0;   // counter for the number of button 
presses 
int buttonState1 = 0;         // current state of the button 
int lastButtonState1 = 0;     // previous state of the button 
 
//variables for roller doser counter 1  
int buttonPushCounter2 = 0;   // counter for the number of button 
presses 
int buttonState2 = 0;         // current state of the button 
int lastButtonState2 = 0;     // previous state of the button 
 
//variables for roller doser counter 2  
int buttonPushCounter4 = 0;   // counter for the number of button 
presses 
int buttonState4 = 0;         // current state of the button 
int lastButtonState4 = 0;     // previous state of the button 
 
 
//variables for linear encoder counter  
int buttonPushCounter3 = 0;   // counter for the number of button 
presses 
int buttonState3 = 0;         // current state of the button 
int lastButtonState3 = HIGH;     // previous state of the button 
 
void setup() { 
    
  pinMode(2, OUTPUT); // Dir pin for Dwoser drum     
  pinMode(3, OUTPUT); // Step pin for Dwoser drum  
               
  pinMode(4, OUTPUT); // Dir pin for roller doser 1     
  pinMode(5, OUTPUT); //Step pin for roller doser 1 
   
  pinMode(6, OUTPUT); // Dir pin for roller doser 2     
  pinMode(7, OUTPUT); // Step pin for roller doser 2 
 
  //Starting values  
  digitalWrite(2, HIGH);    //DIR Drumm 
  digitalWrite(3, LOW);     //STEP Drumm 
  digitalWrite(4, HIGH);    //DIR doser 1 
  digitalWrite(5, LOW);     //STEP doser 1 
  digitalWrite(6, LOW);    //DIR doser 2 
  digitalWrite(7, LOW);     //STEP doser 2 
 
  pinMode(8, INPUT); //Doser drum encoder 
  pinMode(9, INPUT); //Linear encoder 
  pinMode(10, INPUT); //Roller encoders 
  pinMode(12, INPUT); //Roller encoders 
 
  pinMode(11, OUTPUT); // Activation and deactivation PIN for roller 
step drive 
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  // serial monitor begin (optional) 
  Serial.begin(9600); 
  Serial.println("setup1");  
  Serial.println(buttonPushCounter3); 
} 
////////////////////Main 
program/////////////////////////////////////////////////// 
void loop() { 
    Serial.println("loop1");  
    buttonState3 = digitalRead(9); //read the state of the encoder 
pin 
    Serial.println("Loop2");  
      // compare the buttonState to its previous state 
  if (buttonState3 != lastButtonState3) { 
    Serial.println("Loop3");  
     
      buttonPushCounter3++; 
      Serial.println(buttonPushCounter3); 
 
    // Delay a little bit to avoid bouncing 
    delay(20); 
  } 
  // save the current state as the last state, 
  //for next time through the loop 
  lastButtonState3 = buttonState3; 
  delay(500); 
 
  ///////////////// 1st stop of the roller fill the number 1 roller 
doser////////////////// 
  while(buttonPushCounter3==1) { 
    digitalWrite(11,HIGH);  //semd disable to the roller step motor 
drive 
    Serial.print("roller step diactivated1"); 
 
/////////////////////Function for rotating the doser drum 
///////////////////////////////// 
    Serial.println("drum rotating1"); 
    digitalWrite(3, LOW);     // 
    delayMicroseconds(drumSpeed);  //step motor speed (Adjustable) 
    digitalWrite(3, HIGH);    //Send steps to the motor 
     
    buttonState1 = digitalRead(8); //read the state of the encoder 
pin 
 
      // compare the buttonState to its previous state 
  if (buttonState1 != lastButtonState1) { 
     
      buttonPushCounter1++; 
 
    // Delay a little bit to avoid bouncing 
    delay(20); 
  } 
  // save the current state as the last state, 
  //for next time through the loop 
  lastButtonState1 = buttonState1; 
 
  //stop the motor when 2 cliks have been made 
  if (buttonPushCounter1 ==2) { 
    buttonPushCounter1=0; 
    delay(100);             //set a delay  
    digitalWrite(11,LOW);  //reactivate the roller step motor drive 
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    Serial.print("roller step activated1"); 
    buttonPushCounter3++; // 2 
    Serial.println(buttonPushCounter3); 
    break; 
     }  
   }  
//////////////////////////////END of doser drum 
function///////////////////////////////// 
     
   
   
///////////////// 2nd stop of the roller fill the number 2 roller 
doser +drop powder of doser 1////////////////// 
  while (buttonPushCounter3==4) { 
    digitalWrite(11,HIGH);  //semd disable to the roller step motor 
drive 
     Serial.print("roller step diactivated2"); 
 
/////////////////////Function for rotating the doser drum 
///////////////////////////////// 
    Serial.println("drum rotating22"); 
    digitalWrite(3, LOW);     // 
    delayMicroseconds(drumSpeed);  //step motor speed (Adjustable) 
    digitalWrite(3, HIGH);    //Send steps to the motor 
     
    buttonState1 = digitalRead(8); //read the state of the encoder 
pin 
 
      // compare the buttonState to its previous state 
  if (buttonState1 != lastButtonState1) { 
     
      buttonPushCounter1++; 
 
    // Delay a little bit to avoid bouncing 
    delay(50); 
  } 
  // save the current state as the last state, 
  //for next time through the loop 
  lastButtonState1 = buttonState1; 
 
  //stop the motor when 2 cliks have been made 
  if (buttonPushCounter1 ==2) { 
    buttonPushCounter1=0; 
    buttonPushCounter3++; // 5 
    Serial.println(buttonPushCounter3); 
    break; 
     }  
   }  
//////////////////////////////END of doser drum 
function///////////////////////////////// 
/////////////////2nd stop drop powder of doser 
1/////////////////////////// 
 
while(buttonPushCounter3==5){ 
    Serial.println("doser1_powder drop"); 
    digitalWrite(5, LOW);     // 
    delayMicroseconds(rollerDoserSpeed);  //step motor speed 
(Adjustable) 
    digitalWrite(5, HIGH);    //Send steps to the motor 
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     buttonState2 = digitalRead(10); //read the state of the encoder 
pin 
 
      // compare the buttonState to its previous state 
  if (buttonState2 != lastButtonState2) { 
    // if the state has changed, increment the counter 
    if (buttonState2 == LOW) {  //********************chnged to LOW 
      // if the current state is HIGH then the button 
      // wend from off to on: 
      buttonPushCounter2++; 
     } 
    // Delay a little bit to avoid bouncing 
    delay(20); 
  } 
  // save the current state as the last state, 
  //for next time through the loop 
  lastButtonState2 = buttonState2; 
 
  //stop the motor when 5 cliks have been made 
  if (buttonPushCounter2 == 4) { 
    digitalWrite(4, LOW);    //reverce the direction of the step 
motor 
    }  
    if(buttonPushCounter2 ==8){ 
    digitalWrite(4, HIGH);    //reverce the direction of the step 
motor 
    buttonPushCounter2=0; 
    buttonPushCounter3++;  //5 
    digitalWrite(11,LOW);  //reactivate the roller step motor drive 
    Serial.print("roller step activated2"); 
    break; 
    } 
   
} 
     
     
 
 
////////////// 3rd stop of the roller drop powder of doser 
2////////////////// 
 
while(buttonPushCounter3==10){ 
    digitalWrite(11,HIGH);  //semd disable to the roller step motor 
drive 
    Serial.print("roller step diactivated3"); 
    Serial.println("doser2_powder drop"); 
    digitalWrite(7, LOW);     // 
    delayMicroseconds(rollerDoserSpeed);  //step motor speed 
(Adjustable) 
    digitalWrite(7, HIGH);    //Send steps to the motor 
 
 
     buttonState4 = digitalRead(12); //read the state of the encoder 
pin 
 
      // compare the buttonState to its previous state 
  if (buttonState4 != lastButtonState4) { 
    
      buttonPushCounter4++; 
      Serial.println(buttonPushCounter4); 
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    // Delay a little bit to avoid bouncing 
    delay(10); 
  } 
  // save the current state as the last state, 
  //for next time through the loop 
  lastButtonState4 = buttonState4; 
 
  //stop the motor when 5 cliks have been made 
//  if (buttonPushCounter4 == 8) { 
//    digitalWrite(6, HIGH);    //reverce the direction of the step 
motor 
//    }  
    if(buttonPushCounter4 ==16){ 
//    digitalWrite(6, LOW);    //reverce the direction of the step 
motor 
    buttonPushCounter4=0; 
    buttonPushCounter3++;  //5 
    digitalWrite(11,LOW);  //reactivate the roller step motor drive 
    Serial.print("roller step activated3"); 
    break; 
    } 
   
} 
 
 //////////// zeroing the parameters ////////////////// 
  if (buttonPushCounter3==16) { 
    buttonPushCounter3=0; 
    delay(50); 
   }  
/////////////////////////////////////////////////////////////////////
/////////////////// 
   
} 
///////////////////////END of main 
program///////////////////////////////////////// 
 
 
